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ABSTRACT 
Yersinia is a Gram-negative bacterial genus that includes serious pathogens such as the 
Yersinia pestis which causes plague, and Yersinia pseudotuberculosis and Yersinia 
enterocolitica which cause gastrointestinal infections. The remaining species are 
generally considered to be non-pathogenic to humans. While their virulence mechanisms 
are well-characterized, the evolution of Yersinia pathogens are not well-understood. To 
understand the evolution of Yersinia pathogens and Yersinia enterocolitica subspecies,  
an exhaustive evolutionary and comparative genome studies on a total of 86 Yersinia 
genomes using different bioinformatics approaches were performed. Based on  
phylogenetic and the gene gain-and-loss analyses, Yersinia enterocolitica and Yersinia 
pseudotuberculosis-Yersinia pestis were determined as belonging to different 
phylogroups and have acquired different set of metabolism genes, suggesting that the 
evolution of human pathogenic Yersinia species is most probably triggered by ecological 
specialization. Besides, pairwise sequence comparisons showed that the ail virulence 
gene of Yersinia enterocolitica had higher sequence identities to the ail gene family 
(consists of both ail gene and homologs in the same family) of Yersinia 
pseudotuberculosis-Yersinia pestis compared to its own ail homolog, suggesting that the 
ail gene might have been duplicated in the latter species and then transferred laterally to 
Yersinia enterocolitica. Taken all together,  it is proposed that the evolution of Yersinia 
is not in parallel, but rather accompanied by the gene gain-and-loss,  gene duplication and 
lateral gene transfer. This contradicts finding of  previous study that suggested the human 
pathogenic Yersinia species might have evolved in parallel to acquire the same virulence 
determinants.  
On the other hand, phylogenetic tree and gene gain-and-loss analyses in this study showed 
that Yersinia enterocolitica strains could be demarcated into three distinct phylogroups, 
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with each of them acquiring  different sets of putative metabolism genes. This postulates 
that ecological specialization might have triggered subspeciations in Yersinia 
enterocolitica species and lead to the emergence of highly pathogenic, low pathogenic 
and non-pathogenic subspecies, instead of two subspecies as previously reported. Data 
gathered in this study also suggest that the lateral gene transfer between subspecies in 
Yersinia enterocolitica might not be extensive as the gene content-based phylogenetic 
tree highly resembled supermatrix tree. Further virulence gene analyses showed that the 
ail gene was pseudogenized in the non-pathogenic subspecies, probably causing the loss 
of pYV virulence plasmid and pathogenicity in this subspecies.  
To facilitate the ongoing and future research of Yersinia, YersiniaBase, a robust and user-
friendly Yersinia resource and comparative analysis platform for analysing Yersinia 
genomic data was developed. The AJAX-based real-time searching system was 
implemented to smooth the process of searching genomic data in large databases. 
YersiniaBase also has in-house developed tools: (1) Pairwise Genome Comparison tool 
for comparing two user-selected genomes; (2) Pathogenomics Profiling Tool for 
comparative virulence gene analysis of Yersinia genomes; (3) YersiniaTree for 
constructing phylogenetic tree of Yersinia. Successful applications of these useful tools 
was demonstrated in this study.  
Overall, this study provides better insights in elucidating the evolution of human 
pathogenic Yersinia and subspeciation in Yersinia enterocolitica. Lastly, the 
YersiniaBase will offer invaluable Yersinia genomic resource and analysis platform for 
the analysis of Yersinia in the future. 
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ABSTRAK 
Yersinia adalah genus bakteria Gram-negatif yang terdiri dari patogen penting seperti 
Yersinia pestis yang menyebabkan wabak, dan Yersinia pseudotuberculosis serta Yersinia 
enterocolitica yang menyebabkan jangkitan di usus. Spesies Yersinia yang lain tidak 
patogenik kepada manusia. Walaupun mekanisme kevirulenannya telah difahami,  
evolusi pathogen Yersinia masih kurang difahami. Untuk memahami evolusi patogen 
Yersinia dan subspesies Yersinia enterocolitica, kajian menyeluruh ke atas evolusi dan 
perbandingan genom dalam kalangan 86 genom Yersinia telah dijalankan menggunakan 
pelbagai pendekatan bioinformatik. Berdasarkan analisis filogenetik dan gen gain-and-
loss, Yersinia enterocolitica dan Yersinia pseudotuberculosis-Yersinia pestis didapati 
telah ditempatkan dalam phylogroup yang berlainan dalam pokok filogenetik, dan turut 
memiliki gen metabolisme yang berbeza.  Ini mencadangkan bahawa evolusi patogen 
Yersinia telah dicetuskan oleh pengkhususan ekologi. Di samping itu, perbandingan 
pasangan jujukan gen menujukkan gen ail daripada Yersinia enterocolitica mempunyai 
identiti jujukan gen yang lebih tinggi kepada keluarga gen ail daripada Yersinia 
pseudotuberculosis-Yersinia pestis berbanding dengan homolog ail sendiri. Ini 
mencadangkan gen ail mungkin telah diduplikasi dalam spesies kedua dan dipindahkan 
ke Yersinia enterocolitica. Hasil penemuan ini mencadangkan bahawa evolusi dalam 
Yersinia adalah tidak selari, tetapi dicetuskan oleh gen gain-and-loss, duplikasi gendan 
pemindahan gen secara lateral. Ini bercanggah dengan hasil kajian sebelum ini yang mana 
evolusi patogen Yersinia dikatakan selari untuk mendapatkan kevirulenan gen yang 
serupa  
Selain itu, analisis pokok filogenetik dan  gen gain-and-loss hasil kajian ini menujukkan 
strain Yersinia enterocolitica boleh dibahagikan kepada tiga phylogroup dengan 
setiapnya memiliki set gen metabolisme yang berbeza. Pengkhususan ekologi telah 
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dicadangkan sebagai penyebab  yang membawa kepada kemunculan subspecies dengan 
kepatogenan tinggi, kepatogenan rendah dan tidak patogenik, dan bukan dua subspesies 
seperti yang dilaporkan sebelum ini. Data kajian juga mencadangkan bahawa pemindahan 
gen secara lateral di antara subspesies Yersinia enterocolotica mungkin tidak menyeluruh  
kerana pokok filogenetik kandungan gennya hampir menyamai pokok filogenetik 
supermatrix. Analisa lanjut  ke atas  gen virulen  menunjukan gen ail telah tersingkir   
dalam subspesies yang tidak patogenik dan mungkin menyebabkan kehilangan plasmid 
virulen pYV dan kepatogenan dalam kalangan subspecies ini.  
Untuk memudahkan penyelidikan Yersinia pada masa kini dan akan datang,  
YersiniaBase iaitu satu platform untuk sumber dan perbandingan genom Yersinia telah 
dibangunkan Sistem carian real-time berasaskan AJAX ini di implementasikan untuk 
melancarkan pencarian data dalam pangkalan data yang lebih besar. YersiniaBase 
dibangunkan dengan alat seperti (1) Pairwise Genome Comparison tool yang 
membandingkan dua genom Yersinia (2) Pathogenomics Profiling Tool yang 
membandingkan gen virulen Yersinia (3) YersiniaTree yang membina pokok filogenetik 
Yersinia. Kejayaan  aplikasi system carian ini  telah dipamerkan dalam kajian ini.  
Kesimpulannya, kajian ini memberikan pemahaman  yang lebih baik dalam  menjelaskan 
evolusi Yersinia yang patogen kepada manusia dan pembahagian subspesies dalam 
Yersinia enterocolitica. Akhir sekali, YersiniaBase menawarkan sumber genom yang 
berharga untuk Yersinia dan satu  platform bagi  analisa Yersinia pada masa  akan datang. 
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CHAPTER 1: INTRODUCTION 
1.1 Overview 
Yersinia is a bacterial genus that consists of at least seventeen known species (Clark et 
al., 2016). Of these species, three species, Y. enterocolitica, Y. pseudotuberculosis and Y. 
pestis are known human pathogens (Eppinger et al., 2007; Parkhill et al., 2001; Thomson 
et al., 2006; Wren, 2003). Both Y. enterocolitica and Y. pseudotuberculosis are foodborne 
pathogens that cause gastrointestinal disease, whereas the Y. pestis is flea-borne pathogen 
causing catastrophic plague (Eppinger et al., 2007; Parkhill et al., 2001; Thomson et al., 
2006; Wren, 2003). 
There are many research have identified the key virulence genes underlying the 
pathogenesis of human pathogenic Yersinia, which are harboured in chromosome and 
pYV virulence plasmid (Cornelis, 2002a; Galindo et al., 2011; Mikula et al., 2012; Yang 
et al., 1996). Despite of well-studied virulence mechanisms and pathogenesis of Yersinia, 
the evolution of this genus, especially those human pathogenic species, is less focused on. 
The first model to describe the evolution of human pathogenic Yersinia was proposed by 
Wren (2003). His study suggested that all human pathogenic Yersinia shared a common 
ancestor, which might become pathogenic after the acquisition of pYV plasmid. However, 
Wren’s model did not include human non-pathogenic Yersinia species, and was later 
opposed by Reuter and colleagues, who included both human pathogenic and non-
pathogenic Yersinia species in their study (Reuter et al., 2014). The authors proposed that 
ecological specialization caused human pathogenic Yersinia to evolve in parallel and 
acquire the same virulence determinants. Although their hypothesis seems promising, 
several questions have been raised such as: 
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§ What were the roles or properties of the most recent ancestor shared by the human 
pathogenic Yersinia species?  
§ How did the hypothetical ancestor cause the ecological specialization? 
§ Was ecological specialization the only factor that affected the evolution of human 
pathogenic Yersinia species? 
In addition to the Yersinia genus, narrowing down, there are also disputes in the 
evolutionary study of Y. enterocolitica (Howard et al., 2006). For instance, 16S rRNA 
sequences were used to classify Y. enterocolitica strains into two subspecies: Y. 
enterocolitica subsp. palearctica and Y. enterocolitica subsp. enterocolitica (Neubauer et 
al., 2000). However, the two-subspecies classification is incongruent with a more recent 
comparative phylogenomics study of Y. enterocolitica proposing the existence of three 
subspecies in Y. enterocolitica (Howard et al., 2006). The proposed subspecies consisted 
of non-pathogenic lineage, low pathogenic lineage and highly pathogenic lineage. There 
are also a few questions concerning the subspecies in Y. enterocolitica such as: 
§ What factors have caused the subspeciation in Y. enterocolitica? 
§ Was the most recent ancestor shared by all Y. enterocolitica subspecies pathogenic? 
If yes, what factors have caused the emergence of non-pathogenic lineage? If no, 
what factors have led to the emergence of pathogenic lineage besides the 
acquisition of pYV virulence plasmid and several other virulence genes? 
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§ Was the two-subspecies classification accurate because it had previously been 
reported that 16S rRNA might be unreliable to infer the phylogenetic relationships 
between Yersinia strains (Merhej et al., 2008b)? 
As described above, the absence of consensus view has hindered us from fully 
understanding evolution of human pathogenic Yersinia species and subspecies 
classification of Y. enterocolitica. Despite recent larger scale comparative analyses of 
Yersinia species and Y. enterocolitica strains (Howard et al., 2006; Reuter et al., 2014), 
the results/findings are still not comprehensive because there are numerous factors 
including the ecological specialization, gene gain-and-loss, lateral gene transfer and gene 
duplication that may play important roles in the evolution of prokaryotes (Jensen, 2001; 
Lassalle et al., 2015; Ochman et al., 2000; Ravenhall et al., 2015). Therefore, I have 
performed comparative and evolutionary analyses of Yersinia species and the subspecies 
Y. enterocolitica using different bioinformatics approaches in order to explore these 
factors which are not well-studied. 
At the end of this study, I have also developed a specialized comparative analysis platform, 
designated YersiniaBase, to store the genomic data and provide tools for the comparative 
analyses of Yersinia for research community. YersiniaBase may accelerate the research 
for those who work on Yersinia in future. 
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1.2 Objectives 
The objectives of this study are: 
§ To perform evolutionary study and comparative analysis on human pathogenic 
Yersinia species and subspecies of Y. enterocolitica 
§ To study the evolutionary factors that caused the emergence of human pathogenic 
Yersinia species and subspecies of Y. enterocolitica  
§ To propose a more complete and robust evolutionary model for human pathogenic 
Yersinia species and subspecies of Y. enterocolitica, based on findings from the 
first two objectives, and compare with current models 
§ To develop YersiniaBase to store genomic data and provide tools for comparative 
analyses of Yersinia 
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CHAPTER 2: LITERATURE REVIEW 
2.1 The Yersinia genus 
2.1.1 General properties of Yersinia 
Yersinia is a Gram-negative bacterium belongs to Enterobacteriaceae family (Williams et 
al., 2010), consisting of at least seventeen known species such as Y. pestis, Y. 
pseudotuberculosis, Y. enterocolitica, Y. aldovae, Y. frederiksenii, Y. kristensenii, Y. 
ruckeri, Y. bercovieri, Y. rohdei, Y. intermedia, Y. mollaretii, Y. massiliensis, Y. 
pekkanenii, Y. nurmii, Y. aleksiciae, Y. wautersii, and Y. similis (Clark et al., 2016). 
However, there are only three species, Y. pestis, Y. pseudotuberculosis, Y. enterocolitica 
are known to be pathogenic to humans and one species, Y. ruckeri is pathogenic to 
Oncorhynchus mykiss (rainbow trout) (Reuter et al., 2014; Sulakvelidze, 2000; Wren, 
2003). Y. pseudotuberculosis and Y. enterocolitica cause gastrointestinal disease, Y. pestis 
causes plague, whereas Y. ruckeri causes enteric redmouth disease in fish (Bottone, 1997; 
Ewing et al., 1978; Perry & Fetherston, 1997). The rest of the Yersinia species are known 
to be non-pathogenic to living organisms (Reuter et al., 2014; Sulakvelidze, 2000; Wren, 
2003). 
Overall, taxonomical assignment of each Yersinia species is widely accepted except the 
Y. ruckeri that has a controversial  taxonomic assignment (Chen et al., 2010; Ewing et al., 
1978; Sulakvelidze, 2000). For instance, a previous study showed that Y. ruckeri shared 
similar biochemical activities with Serratia marcescens and Yersinia species, but it was 
assigned to Yersinia due to the closer guanine-cytosine content (Ross et al., 1966). 
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2.1.2 Virulence genes of human pathogenic Yersinia 
Pathogenesis is due to the presence of virulence genes in bacteria, which are responsible 
for causing disease in the host (Chen et al., 2012). One of the key factors in the 
pathogenesis of human pathogenic Yersinia is the deployment of the pYV virulence 
plasmid (Cornelis, 2002a) in the human pathogenic Y. pestis, Y. pseudotuberculosis and 
Y. enterocolitica. The Type Three Secretion System (T3SS) encoded by the pYV plasmid 
is transcribed into two components: Yersinia outer proteins (Yop) and Yop secretion 
apparatus (Ysc) (Cornelis, 2002a, 2002b). When the direct contact between pathogenic 
Yersinia and mammalian cell is established, the pathogen uses Ysc to inject Yop effectors 
into host cell. The Yop effectors are able to take over the signalling system of the host 
cell, paralyze the host cell, and allow the bacteria to escape phagocytosis (Cornelis, 2002a; 
Felek et al., 2010; McDonald et al., 2003; Navarro et al., 2005).  
Besides the ysc-yop T3SS locus, the chromosome-borne inv (invasin), ail (attachment-
invasion locus), psa (pH 6 antigen) locus, and pYV plasmid-borne yadA (Yersinia 
adhesion) are also important virulence genes to human pathogenic Yersinia (Cornelis et 
al., 1998; Felek et al., 2010; Grassl et al., 2003; Iriarte & Cornelis, 1995; Mikula et al., 
2012). These genes allow Yersinia to adhere and invade into the host cell, induce 
agglutination, resist to human serum, and assist in the Yop delivery (Cornelis et al., 1998; 
Felek et al., 2010; Grassl et al., 2003; Iriarte & Cornelis, 1995; Mikula et al., 2012).  
While the abovementioned virulence genes are found in every human pathogenic Yersinia, 
high pathogenicity island that harbours ybt (abbreviation of yersiniabactin) locus 
encoding yersiniabactin synthesis, transport and uptake system, is found only in highly 
pathogenic Yersinia species (Carniel, 2001; Heesemann, 1987). Yersiniabactin is a type 
of siderophore which enables highly pathogenic Yersinia to scavenge iron in iron-limited 
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environment (Carniel, 2001; Carniel et al., 1996). The importance of yersiniabactin, of 
which it is able to compete iron with host cell, had been shown in experiments using mice 
as models whereby the presence of yersiniabactin can increase the virulence of Yersinia 
species and cause the death of mice (de Almeida et al., 1993; Heesemann, 1987; Pelludat 
et al., 2002).  
2.1.3 Yersinia pseudotuberculosis and Yersinia pestis 
Both Y. pseudotuberculosis and Y. pestis are known human pathogens. A previous 
evolutionary study has identified Y. pestis is a very recent descendant from Y. 
pseudotuberculosis, as recent as 1,500–20,000 years ago (Achtman et al., 1999). Despite 
of their close evolutionary relationships, they deploy a totally different infection routes 
and exhibit distinct virulence traits (Chain et al., 2004). For instance, the Y. 
pseudotuberculosis is a food-borne human enteropathogen that causes Far East scarlet-
like fever and yersiniosis (Eppinger et al., 2007), whereas the Y. pestis is a flea-
transmitted systematic pathogen that causes plague (Green et al., 2014; Perry & 
Fetherston, 1997).  
Previous studies had also revealed many changes taking place in the genome of Y. pestis 
since its divergence from the Y. pseudotuberculosis (Chain et al., 2004; Hinnebusch et al., 
2002; Parkhill et al., 2001). Besides acquiring pPla (or pPst) and pFra plasmids that are 
not found in the enteropathogenic Y. pseudotuberculosis, the Y. pestis also has frameshift 
mutations in the inv and yadA virulence genes (Parkhill et al., 2001). These genomic 
alternations are thought to be important to its lifestyle, which is the change from food-
borne transmission (in Y. pseudotuberculosis) to flea-borne transmission (in Y. pestis) 
(Hinnebusch et al., 2002). The pFra plasmid encodes phospholipase D, allowing the Y. 
pestis to survive inside flea’s gut (Hinnebusch et al., 2002). When the flea that carries Y. 
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pestis bites on next infected host, the pathogen will enter the host body through 
subcutaneous site. At this point, the pPla plasmid which encodes plasminogen activator 
allows Y. pestis to disseminate from the initial infection site (Caulfield & Lathem, 2012; 
Lathem et al., 2007). 
On the other hand, the inv and yadA genes are lost in Y. pestis and these genes are thought 
to be not required for flea-borne infection route (Simonet et al., 1996; Skurnik & Wolf-
Watz, 1989). Both inv and yadA are functional and playing important role in Y. 
enterocolitica and Y. pseudotuberculosis as they are still needed for oral-route infection. 
(Mikula et al., 2012).  
2.1.4 Yersinia enterocolitica 
The Y. enterocolitica is a foodborne enteropathogen that causes yersiniosis (Bottone, 
1997; Galindo et al., 2011). Despite exhibiting similar virulence traits with Y. 
pseudotuberculosis, the Y. enterocolitica is not genetically similar with Y. 
pseudotuberculosis and they are evolutionarily distant to each other (Thomson et al., 
2006).  
Biochemical tests have categorized Y. enterocolitica strains into six biogroups, namely 
biogroup-1A, biogroup-1B, biogroup-2, biogroup-3, biogroup-4 and biogroup-5 (Bottone, 
1997; Wauters et al., 1987). These biogroups can be further categorized by their 
geographical location as well as pathogenicity level (Batzilla et al., 2011b; Bottone, 1997; 
Thomson et al., 2006). For instance, biogroup-1A does not have pYV virulence plasmid 
and is generally considered to be non-pathogenic; biogroup-1B has pYV plasmid as well 
as high pathogenicity island which harbours ybt locus and is highly pathogenic; biogroup-
2, biogroup-3, biogroup-4 and biogroup-5 have pYV plasmid but do not possess high 
pathogenicity island and is low pathogenic (Bottone, 1997; Carniel et al., 1996; Pelludat 
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et al., 1998). On top of that, biogroup-1B is prevalent in North America, while the rest is 
prevalent in Europe (Batzilla et al., 2011b; Thomson et al., 2006). 
At the taxonomical level, Y. enterocolitica strains have been classified into two 
subspecies, namely Y. enterocolitica subsp. enterocolitica and Y. enterocolitica subsp. 
palearctica based on their 16S rRNA sequences (Neubauer et al., 2000). The subspecies 
classification corresponds to their geographic distribution, whereby Y. enterocolitica 
subsp. enterocolitica is mainly found in North America while Y. enterocolitica subsp. 
palearctica is prevalent in Europe (Neubauer et al., 2000). In 2006, phylogenomics study 
of Y. enterocolitica had been performed using DNA microarrays and comparative 
genomic approaches (Howard et al., 2006). However, these two scientific works are 
incongruent to each other. For instance, Howard and colleagues found that there were 
three subspecies existed within Y. enterocolitica, corresponding to highly pathogenic, low 
pathogenic and non-pathogenic biotypes (Howard et al., 2006). Besides that, they 
hypothesized that: (1) highly pathogenic lineage was a direct descendant of the last 
common ancestor of Y. enterocolitica (2) separation of highly pathogenic lineage with 
the other two lineages, which were low pathogenic and non-pathogenic, might be due to 
biogeographic movement (Howard et al., 2006). 
2.1.5 Evolution of human pathogenic Yersinia 
In addition to independent studies of Y. pseudotuberculosis-Y. pestis and Y. enterocolitica, 
there are also evolutionary studies consisting of all three human pathogenic Yersinia 
species, albeit the number of these studies is lesser (Reuter et al., 2014; Wren, 2003). One 
of the earliest models to elucidate the evolution of human pathogenic Yersinia has been 
documented by Wren (Wren, 2003). Wren proposed that the Y. enterocolitica, Y. 
pseudotuberculosis and Y. pestis shared a common pathogenic ancestor, which had 
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acquired pYV plasmid. However, Wren’s study did not include the other non-pathogenic 
Yersinia species and has contradicted to another model proposed by Reuter and co-
workers (Reuter et al., 2014). The latter study hypothesized that early ecological 
specialization has separated human pathogenic Yersinia into different lineages, causing 
the human pathogenic Yersinia to evolve in parallel, but acquired the similar virulence 
genes.  
2.2 Evolutionary study in prokaryotes 
2.2.1 Phylogenetic studies 
The small subunit ribosomal RNA, which is also known as 16S rRNA, has been the 
standard to generate phylogenetic tree and perform taxonomic classification of 
prokaryotes due to its presence in every bacterial genome (Rajendhran & Gunasekaran, 
2011; Woese et al., 1990). However, discrepancies between 16S rRNA phylogenetic tree 
and phylogenetic trees derived from other genes, such as 23S rRNA and housekeeping 
genes, had been reported in Helicobacter and Yersinia (Dewhirst et al., 2005; Merhej et 
al., 2008a). In Yersinia, phylogenetic tree inferred by using housekeeping genes, which 
included rpoB, hsp60, gyrB and sodA, was found to be more congruent with biochemical 
test result compared to 16S rRNA (Merhej et al., 2008a).  
Besides the 16S rRNA gene, core genes (i.e., genes that present in all genomes) has also 
been proposed to be an alternative approach to infer phylogenetic relationships between 
bacteria (Daubin et al., 2002). The use of core genes is on the basis that lateral gene 
transfer seldom affects bacterial core genes (Daubin et al., 2002). In several studies, 
supermatrix tree, which is based on concatenation of a set of core genes, can produce 
phylogenetic tree with good accuracy (de Queiroz & Gatesy, 2007; Lapierre et al., 2014; 
Tonini et al., 2015; von Haeseler, 2012). 
11 
 
Besides using sequences, the gene content (i.e., presence and absence of gene families in 
a given list of genomes) can also be used for bacterial phylogenetic tree construction (Snel 
et al., 1999). In this method, the evolutionary distance between genomes is calculated 
based on their shared gene content or number of shared genes: higher number of shared 
genes leads to shorter evolutionary distance and vice versa. The pioneer of this approach 
also argued that lateral gene transfer does not have extensive impact on the gene content 
of bacterial genomes (Snel et al., 1999). Indeed, another study showed that vertical 
inheritance, rather than lateral gene transfer, formed the dominant process in bacterial 
evolution and determined its gene content (Snel et al., 2002). 
2.2.2 Ecological specialization 
Prokaryotes can evolve and diversify by adapting to different ecological niches (Cohan, 
2002). This process is termed ecological specialization or ecological speciation, whereby 
distinguishable lineages or populations can arise due to the acclimatization in distinct 
niches, and independent evolution between each other (Kopac et al., 2014). Hence, the 
gain of new genes to adapt to new niches, and the loss of ancestral genes to live in more 
restricted niches, appear to be important in ecological speciation (Lassalle et al., 2015). 
Despite of this, recombination can still be ongoing at early phase of ecological speciation, 
often at loci that do not bring advantage to the niche survival (Cadillo-Quiroz et al., 2012). 
If the recombination is extensive, it forms cohesive forces between populations and 
constrains divergence of lineages. Nevertheless, recombination in most bacteria might 
not be as frequent as usually thought (Cohan, 2001). As mutations still play a dominant 
role in shaping bacterial genomes, the rate of recombination tends to decrease as 
nucleotide divergence forms the barrier to the process (Fraser et al., 2007; Majewski et 
al., 2000). 
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The ecological specialization in Yersinia was recently proposed by Reuter and colleagues 
(Reuter et al., 2014). For instance, they found Y. enterocolitica is specialized in utilizing 
cobalamin, 1,2-propanediol, tetrathionate and hydrogen due to the presence of 
metabolism genes in its genome to exploit these compounds. On the other hand, the 
pathogenic counterparts, Y. pseudotuberculosis and Y. pestis do not have these 
metabolism genes. They concluded in the study that the early adaptation to different 
ecological niches have split human pathogenic Yersinia into several lineages. 
2.2.3 Gene gain-and-loss 
The gene content in bacterial genome follows the phyletic pattern due to differential gene 
gain and gene loss between the lineages of a given phylogenetic tree (Snel et al., 1999). 
Hence, the gene gain-and-loss analysis can be used to predict ancestral gene content, 
acquired and lost genes along lineages (Csuros, 2010). Due to its ability to reconstruct 
ancestral events, the approach had been widely used in evolutionary study to infer how 
bacterial lineages diversified and evolved in the past as well as to predict the factors which 
led to the emergence of pathogens (Desai et al., 2013; Georgiades et al., 2011; Kettler et 
al., 2007). 
In Yersinia, the most popular example to describe gene gain-and-loss is the emergence of 
Y. pestis from Y. pseudotuberculosis (Achtman et al., 1999; Chain et al., 2004). As 
described above, Y. pestis has acquired two additional plasmids which are not found in 
its ancestor and transformed into a more catastrophic human pathogen. Another example 
which applied gene gain-and-loss analysis would be the evolutionary study of 
Prochlorococcus (Kettler et al., 2007). In the study, the phylogenetic tree constructed by 
Kettler and colleagues could cluster Prochlorococcus strains into high-light adapted and 
low-light adapted clade, which also corresponded to different ecotypes. Through the 
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study of gained and lost genes, they found several genes which exclusive to two different 
clades could define their distinct traits. For instance, several genes that present only in 
high-light adapted clade could be up regulated when the intensity of light is high. 
2.2.4 Lateral gene transfer 
Lateral gene transfer is the non-vertical exchange of DNA between bacterial cells via 
conjugation, transformation or transduction (Ochman et al., 2000). Genes which can be 
transferred using such mechanisms include antibiotic resistance genes, virulence genes 
and metabolic genes (Ochman et al., 2000; Pal et al., 2005). Example of laterally 
transferred virulence locus is T3SS locus harboured by Salmonella typhimurium, which 
could be transferred by bacteriophage (Mirold et al., 1999). The O-antigen gene cluster 
of Y. kristensenii O11 was also acquired in lateral, from either Escherichia, Salmonella, 
or Klebsiella (Cunneen & Reeves, 2007). 
Besides increasing the diversity in the bacterial genomes, the laterally transferred genes 
enable the recipient genomes to adapt to new ecological niches (Marri et al., 2007; 
Wiedenbeck & Cohan, 2011). These adaptive genes consist of both single gene and 
genomic islands, which up to hundreds of kilo-base pairs (Marri et al., 2007). For instance, 
Escherichia coli, a Gram-negative bacterium, has acquired gapC (glyceraldehyde-3-
phosphate dehydrogenases) from Gram-positive bacteria, allowing them to adapt to 
aquatic environment (Espinosa-Urgel & Kolter, 1998). 
Several approaches could be used to infer lateral gene transfer events including the 
construction of phylogenetic trees to look for discrepancy, the calculation of guanine-
cytosine content across genome sequences, and searching for organisms located within 
the top BLAST hits (Ravenhall et al., 2015). For instance, a previous study has 
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successfully used the top BLAST hits approach to discover extensive lateral gene transfer 
between Thermotoga maritima (bacteria) and Archaea (Nelson et al., 1999). 
2.2.5 Orthologs and paralogs 
Orthologs and paralogs are two different terms assigned to genes which duplicate in 
different time. When a gene is originated from the same ancestor and duplicates during 
speciation, it is called ortholog, otherwise it is called paralog (Jensen, 2001). As orthologs 
involve in the divergence of lineages and present in each genome, it can be used to infer 
the evolutionary relationships between lineages. A common approach derived from this 
concept is to use single copy core gene (i.e., gene which is present in only one copy in all 
genomes) or concatenation of these genes to construct phylogenetic tree or supermatrix 
tree (Daubin et al., 2002; de Queiroz & Gatesy, 2007; Segata & Huttenhower, 2011). This 
approach is made on the basis of orthologs and core genes have evolutionarily similar 
history. In a case where an ortholog duplicates after the speciation, the duplicated genes, 
i.e. the paralogs, will be co-orthologous to the ortholog in the counterpart lineage which 
also diverged from the same ancestor through speciation (Sonnhammer & Koonin, 2002). 
Unlike the orthologs or core genes, paralogs are not related to speciation and it could be 
only present in some genomes, but missing in the rest. Thus, the paralogs are not suitable 
to infer phylogenetic relationships between lineages (Jensen, 2001; Sonnhammer & 
Koonin, 2002). Despite of this limitation, paralogs can give evolutionary advantages to 
the bacteria. When there are two duplicated genes present in the bacterial genome, the 
cell has redundant copies of the same gene which encodes for the same function (Wagner, 
2002). This scenario results in lower pressure of purifying selection in one of the paralogs 
(Kondrashov et al., 2002; Wagner, 2002). Mutations are then allowed to be accumulated 
in one of them, while another gene can still perform the same physiological role as before 
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(Wagner, 2002), leading to the rise of beneficial mutations and novel functions 
(Kondrashov et al., 2002; Wagner, 2002). For instance, a recent study has shown that 
there were gene duplications of Leucine rich repeat gene family which contributed to the 
evolution of human pathogenic Leptospira (Xu et al., 2016). 
2.2.6 Clustered Regularly-interspaced Short Palindromic Repeats 
The Clustered Regularly-interspaced Short Palindromic Repeats (CRISPR) is a locus 
found in bacterial genome. It is an array consists of repetitive DNA repeats and spacer 
sequences (Horvath & Barrangou, 2010). The function of CRISPR is to protect bacteria 
against foreign DNA materials such as prophage and plasmid sequence (Horvath & 
Barrangou, 2010; Makarova et al., 2011; Nozawa et al., 2011). The genes that are 
responsible to this immunity are located adjacent to CRISPR, designated as cas (CRISPR-
associated) (Horvath & Barrangou, 2010). In general, bacteria may acquire immunity 
against a specific phage or plasmid by capturing and integrating fragments of foreign 
DNA inside CRISPR array. The novel sequence is known as spacer. The spacer will 
provide resistance when bacteria encounter the same sequence again in the future. The 
immunity process is carried out by matching spacer to the foreign DNA sequence using 
Cas proteins (Makarova et al., 2011). Previous experiments have shown that the CRISPR-
Cas can interfere lateral gene transfer by restricting the transfer of antibiotic resistance 
genes among pathogens as well as the conjugative plasmids in bacteria (Marraffini, 2013; 
Marraffini & Sontheimer, 2008). 
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2.3 Microbial genome databases 
In recent years, a new trend of collecting bacterial genomes into a single database has 
emerged as an effective way to analyse their genomes. Consequently, many specialized 
genomic databases have been developed, especially for human disease pathogens. There 
are a number of databases, such as “Microbial Genome Database for Comparative 
Analysis”, “Integrated Microbial Genomes” and “Pathosystems Resource Integration 
Center”, which provide a wide array of microbial genomes for comparative genomics 
(Markowitz et al., 2012; Uchiyama et al., 2013; Wattam et al., 2014). However, they do 
not provide functionalities for comparing and visualizing the virulence gene profiles of 
user-selected Yersinia strains. These databases also do not provide the option for 
comparative virulence gene analysis based on the virulence genes of the strains. Moreover, 
most of these existing platforms also lack of user-friendly web interfaces which allows 
real-time and fast querying and browsing of genomic data. 
 
17 
 
CHAPTER 3: METHODOLOGY 
3.1 Genome sequences retrieval and annotation 
A total of 197 genome sequences were downloaded from the National Centre for 
Biotechnology Information (NCBI) public database (Benson et al., 2015). 86 of them 
were Yersinia, two were Haemophilus influenza, and the rest were other genus within 
Enterobacteriaceae. The accession number and details of Yersinia genomes are tabulated 
in Appendix A and Table 3.1 respectively. 
Table 3.1: List of Yersinia genomes used in this study with their corresponding 
isolation source and geographical area. Human pathogenic strains are coloured in 
red. 
Species name Strain name Isolation source Geographic area 
Y. aldovae 670-83 Fish Norway 
Y. aleksiciae 159 Human faeces Finland 
Y. frederiksenii Y225 Unknown Unknown 
Y. intermedia Y228 Unknown Unknown 
Y. kristensenii Y231 Unknown Unknown 
Y. rohdei YRA Animal faeces Germany 
Y. ruckeri YRB Fish liver Unknown 
Y. ruckeri Big Creek 74 Oncorhynchus 
tshawytscha 
Oregon, United 
States 
Y. similis 228 Rabbit Germany 
Y. enterocolitica ERL073947 Sheep New Zealand 
Y. enterocolitica IP2222 Unknown Unknown 
Y. enterocolitica NFO Unknown Unknown 
Y. enterocolitica ERL08708 Human New Zealand 
Y. enterocolitica YE13/03 Human faeces United Kingdom 
Y. enterocolitica IP26014 Bovine France 
Y. enterocolitica YE53/30444 Pig Germany 
Y. enterocolitica SZ662/97 Human Germany 
Y. enterocolitica IP26618 Chicken meat Italy 
Y. enterocolitica YE208/02 Pig United Kingdom 
Y. enterocolitica ERL053435 Human New Zealand 
Y. enterocolitica H1527/93 Human Germany 
Y. enterocolitica YE53/03 Human case United Kingdom 
Y. enterocolitica YE30/03 Human case United Kingdom 
Y. enterocolitica YE41/03 Human case United Kingdom 
Y. enterocolitica YE15/07 Human case Germany 
Y. enterocolitica ERL053484 Avian New Zealand 
Y. enterocolitica YE35/02 Human case United Kingdom 
Y. enterocolitica YE69/03 Human case United Kingdom 
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Table 3.1: List of Yersinia genomes used in this study with their corresponding 
isolation source and geographical area. Human pathogenic strains are coloured in 
red, continued. 
Species name Strain name Isolation source Geographic area 
Y. enterocolitica YE77/03 Pig United Kingdom 
Y. enterocolitica IP27818 Human stool France 
Y. enterocolitica YE46/02 Cattle United Kingdom 
Y. enterocolitica YE228/02 Pig United Kingdom 
Y. enterocolitica YE38/03 Human case United Kingdom 
Y. enterocolitica YE04/02 Sheep United Kingdom 
Y. enterocolitica YE205/02 Pig United Kingdom 
Y. enterocolitica YE09/03 Human faeces United Kingdom 
Y. enterocolitica YE13/02 Cattle United Kingdom 
Y. enterocolitica YE221/02 Pig United Kingdom 
Y. enterocolitica YE227/02 Pig United Kingdom 
Y. enterocolitica ATCC 9610 Homo sapiens New York 
Y. enterocolitica E701 Human stool Unknown 
Y. enterocolitica 8081 Human blood United States 
Y. enterocolitica ST5081 Unknown Unknown 
Y. enterocolitica SC9312-78 Human United States 
Y. enterocolitica E736 Human stool Unknown 
Y. enterocolitica WA Human blood United States 
Y. enterocolitica WA-314 Human blood Unknown 
Y. enterocolitica Y286 Unknown United States 
Y. enterocolitica SZ5108/01 Human Germany 
Y. enterocolitica SZ375/04 Human Germany 
Y. enterocolitica SZ506/04 Human Germany 
Y. enterocolitica IP05342 Hare Belgium 
Y. enterocolitica IP00178 Hare United Kingdom 
Y. enterocolitica IP26042 Cattle France 
Y. enterocolitica IP06077 Hare France 
Y. enterocolitica YE3094/96 Animal Europe 
Y. enterocolitica YE04/03 Human faeces United Kingdom 
Y. enterocolitica YE238/02 Pig United Kingdom 
Y. enterocolitica IP20322 Milk Greece 
Y. enterocolitica YE153/02 Cattle United Kingdom 
Y. enterocolitica IP26249 Human stool France 
Y. enterocolitica YE149/02 Sheep United Kingdom 
Y. enterocolitica YE213/02 Pig United Kingdom 
Y. enterocolitica Y11 Human Germany 
Y. enterocolitica IP26656 Human stool France 
Y. enterocolitica PhRBD_Ye1 Swine Philippines 
Y. enterocolitica YE12/03 Human stool United Kingdom 
Y. enterocolitica YE07/03 Human faeces United Kingdom 
Y. enterocolitica IP 10393 Homo sapiens France 
Y. enterocolitica 105.5R(r) Human China 
Y. enterocolitica Y127 Unknown Unknown 
Y. enterocolitica YE74/03 Human case United Kingdom 
Y. enterocolitica YE237/02 Pig United Kingdom 
Y. enterocolitica YE214/02 Pig United Kingdom 
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Table 3.1: List of Yersinia genomes used in this study with their corresponding 
isolation source and geographical area. Human pathogenic strains are coloured in 
red, continued. 
Species name Strain name Isolation source Geographic area 
Y. enterocolitica YE212/02 Pig United Kingdom 
Y. enterocolitica YE218/02 Pig United Kingdom 
Y. enterocolitica YE56/03 Human case United Kingdom 
Y. enterocolitica IP21447 Pig stool England 
Y. enterocolitica YE119/02 Sheep United Kingdom 
Y. enterocolitica 1127 Human Ireland 
Y. enterocolitica 2/C/53NMD7 Pig Ireland 
Y. enterocolitica YE11/03 Human case United Kingdom 
Y. pseudotuberculosis IP31758 Human patient Primorski, Soviet 
Union 
Y. pseudotuberculosis IP32953 Human patient France 
Y. pestis KIM10+ Human Kurdistan, Iran 
Y. pestis CO92 Human United States 
 
All genomes were annotated by using Rapid Annotation using Subsystem Technology 
(RAST) online server to obtain list of open reading frames (ORFs), coding sequences and 
protein sequences (Aziz et al., 2008). Function of each protein sequence was predicted by 
using BLASTP and HMM to search against four databases, including Cluster of 
Orthologous Group (COG), Virulence Factors Database (VFDB), KEGG Orthology 
Based Annotation System (KOBAS) and TIGRFAMs (Altschul et al., 1990; Chen et al., 
2012; Galperin et al., 2015; Haft et al., 2013; Johnson et al., 2010; Xie et al., 2011). 
3.2 Calculation of average nucleotide identity 
JSpecies was used to calculate average nucleotide identity (ANI) in Yersinia 
chromosomes and pYV plasmids (Richter & Rossello-Mora, 2009). The pairwise ANI 
values were manually inspected to find the highly similar groups of Yersinia genomes. 
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3.3 Protein sequence clustering 
The 197 downloaded genome sequences were categorized into three datasets which are 
described in Table 3.2. ProteinOrtho was used to cluster protein sequences of each dataset 
independently using default parameters: 1E-5 as E-value cut-off, 25% as minimum 
percentage of identity and 50% as minimum percentage of sequence coverage (Lechner 
et al., 2011). 
Table 3.2: Categorization of 197 genome sequences into three datasets together 
with their respective outgroup.  
Dataset name Genomes Outgroup 
Enterobacteriaceae § Y. aldovae 670-83 
§ Y. aleksiciae 159 
§ Y. enterocolitica Y11 
§ Y. enterocolitica 8081 
§ Y. frederiksenii Y225 
§ Y. intermedia Y228 
§ Y. kristensenii Y231 
§ Y. pestis CO92 
§ Y. pestis KIM10+ 
§ Y. pseudotuberculosis IP31758 
§ Y. pseudotuberculosis IP32953 
§ Y. rohdei YRA 
§ Y. ruckeri YRB 
§ Y. ruckeri Big Creek 74 
§ Y. similis 228 
§ Other genus in 
Enterobacteriaceae 
§ H. influenzae 86-
028NP 
§ H. influenzae Rd 
KW20 
Yersinia § Y. aldovae 670-83 
§ Y. aleksiciae 159 
§ Y. enterocolitica Y11 
§ Y. enterocolitica 8081 
§ Y. frederiksenii Y225 
§ Y. intermedia Y228 
§ Y. kristensenii Y231 
§ Y. pestis CO92 
§ Y. pestis KIM10+ 
§ Y. pseudotuberculosis IP31758 
§ Y. pseudotuberculosis IP32953 
§ Y. rohdei YRA 
§ Y. ruckeri YRB 
§ Y. ruckeri Big Creek 74 
§ Y. similis 228 
§ S. liquefaciens 
HUMV-21 
§ S. liquefaciens 
ATCC 27592 
Y. enterocolitica All 73 genome sequences of Y. 
enterocolitica 
Y. kristensenii Y231 
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3.4 Multiple sequence alignment 
Protein sequences of each single copy core gene family from all three datasets were 
aligned using L-INS-i algorithm, which was implemented in Multiple Alignment using 
Fast Fourier Transform (MAFFT) program (Katoh & Standley, 2013). The aligned 
protein sequences were then translated back to codon sequences using PAL2NAL 
(Suyama et al., 2006). Poorly aligned regions of codon sequences were removed using 
GBlocks (Castresana, 2000). 
3.5 Estimation of recombination 
PHI program was used to estimate the probability of recombination in each aligned codon 
sequence, with 10,000 iterations and 0.05 as p-value cut-off (Bruen et al., 2006). Non-
recombinant codon sequences from each single copy core gene family were concatenated 
to form a “non-recombinant super-sequence” (de Queiroz & Gatesy, 2007).  
Without recombination estimation by PHI, the aligned codon sequences from each single 
copy core gene family were also concatenated to form “super-sequence”. 
ClonalFrameML was used to estimate the rate of recombination to mutation in the super-
sequence (Didelot & Wilson, 2015). 
3.6 Phylogenetic tree and network construction 
For Y. enterocolitica and Enterobacteriaceae datasets, FastTree2 was used to construct 
supermatrix tree based on their respective aligned non-recombinant super-sequence 
(Price et al., 2010). While for Yersinia dataset, RAxML was used to construct supermatrix 
tree based on non-recombinant super-sequence (Stamatakis, 2014). Both FastTree2 and 
RAxML were set to use GTR+GAMMA model, maximum likelihood method with 1,000 
bootstrap iterations. 
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MEGA6 was used to reconstruct another neighbour-joining phylogenetic tree based on 
gene content (i.e., the presence and absence of gene in each family) as described 
previously (Snel et al., 1999; Tamura et al., 2013). 
SplitsTree was used to reconstruct the phylogenetic network based on super-sequence 
(without recombination testing) from Y. enterocolitica dataset (Huson & Bryant, 2006). 
3.7 Gene gain-and-loss analysis 
Count (a bioinformatics tool) was used to reconstruct gene gain and gene loss events in 
Enterobacteriaceae and Y. enterocolitica datasets with maximum parsimony. Acquired or 
lost genes in ancestors of interest were inspected manually (Csuros, 2010). 
3.8 Clustered Regularly-interspaced Short Palindromic Repeats analysis 
CRISPR Recognition Tool was used to predict CRISPR array, which consists of spacers 
and repetitive sequences, in each Yersinia genome (Bland et al., 2007). BLASTN was 
then used to search spacer against NCBI database to predict the sources of the spacer 
sequences (Clark et al., 2016). 
3.9 inv homolog analysis 
Nucleotide and protein sequences of known inv in Y. enterocolitica 8081 were retrieved 
from VFDB and were used as reference in this study (Chen et al., 2012). BLASTP was 
used to search for genes homologous to reference inv in each Yersinia genome (Altschul 
et al., 1990). The BLASTP output was filtered based on 1E-7 as E-value and 50% 
sequence completeness of query and subject sequences. Query start and stop positions 
from each BLASTP alignment were manually inspected. ProteinOrtho was used to cluster 
protein sequences of inv homologs into gene family using default parameters: 1E-5 as E-
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value cut-off, 25% as minimum percentage of identity and 50% as minimum percentage 
of sequence coverage (Lechner et al., 2011). Protein sequences of inv homologs in each 
gene family were aligned using L-INS-i implemented in MAFFT (Katoh & Standley, 
2013). Aligned proteins sequences were translated back into codon sequences using 
PAL2NAL (Suyama et al., 2006). PHI was then used to estimate probability of 
recombination in each aligned codon sequence (Bruen et al., 2006). 
3.10 ail homolog analysis 
Nucleotide and protein sequences of known ail in Y. pestis CO92 were retrieved from 
VFDB and were used as reference in this study (Chen et al., 2012). TBLASTN and 
BLASTP were used to search for genes homologous to reference ail in each Yersinia 
genome (Altschul et al., 1990). The BLASTP output was filtered based on 1E-7 as E-
value and 50% sequence completeness of query and subject sequences. ProteinOrtho was 
used to cluster protein sequences of ail homologs into gene family using default 
parameters: 1E-5 as E-value cut-off, 25% as minimum percentage of identity and 50% as 
minimum percentage of sequence coverage (Lechner et al., 2011). 
Putative pseudogenized ail was predicted based on previous study (Lerat & Ochman, 
2004). Briefly, nucleotide region mapped by TBLASTN was extracted and aligned with 
reference ail coding sequence using G-INS-i implemented in MAFFT (Katoh & Standley, 
2013). ExPASy web server was used to translate the extracted region into protein 
sequence (Gasteiger et al., 2003). Both aligned coding sequence and protein sequence 
were compared to identify putative frameshift mutation and premature stop codon. 
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3.11 Development of YersiniaBase 
All available Yersinia genomes, which included both draft and complete genomes, were 
downloaded from the NCBI database and annotated using RAST (Aziz et al., 2008; 
Benson et al., 2015). PSORTb version 3.0 was used to determine the subcellular 
localization of the proteins predicted by the RAST (Yu et al., 2010). Hydrophobicity and 
molecular weight of the RAST-predicted proteins were computed using in-house 
developed Perl scripts.  
A relational database was implemented using MySQL version 14.12. All of the biological 
data of Yersinia strains were rearranged to fit into the designed database schema and 
stored in the MySQL database. A web interface was built using HyperText Markup 
Language (HTML), HyperText Preprocessor (PHP), JavaScript, Cascading Style Sheets 
(CSS) and “asynchronous JavaScript and XML” (AJAX). CodeIgniter version 2.1.3, a 
popular PHP framework was used in order to a provide model-view-controller, which can 
separate application data, presentation and background logic and process into three 
distinct modules, allowing the source codes and Yersinia biological data to be arranged 
in a clear and organized manner, indirectly allowing easier future updating of 
YersiniaBase.  
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Several in-house designed bioinformatics tools were developed and integrated into 
YersiniaBase. Python, Perl and R languages were used to develop PGC for comparing 
between two genomes through global alignment, PathoProT for generating heat map to 
visualize presence and absence of virulence genes in selected genomes and YersiniaTree 
to generate phylogenetic tree of Yersinia strains based on their housekeeping genes and 
16S rRNA. These three popular scripting languages create complex pipelines that perform 
back-end calculations of the bioinformatics tools, aided communications between the web 
server and the application server and also easier transfer of data between the web server 
and the application server. 
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CHAPTER 4: RESULTS (PART 1): THE HUMAN PATHOGENIC 
YERSINIA SPECIES 
4.1 Properties of Yersinia genomes 
Both Yersinia and Enterobacteriaceae datasets were used to study Yersinia genus and 
human pathogenic Yersinia species in this section. Summary of the annotation of fifteen 
Yersinia complete genomes used in this section are tabulated in Table 4.1.  
Table 4.1: Summary of genome annotation of Yersinia species used in this study. 
Human pathogenic Yersinia strains are coloured in red. 
Species Strain 
Genome 
size (base 
pair) 
Guanine-
cytosine 
content 
(%) 
Total 
coding 
sequence 
Total 
rRNA 
operon 
Total 
tRNA 
Y. aldovae 670-83 4,471,090 47.69 3,985 7 82 
Y. aleksiciae 159 4,000,307 49.04 3,569 7 75 
Y. enterocolitica Y11 4,553,420 47.01 4,155 7 70 
Y. enterocolitica 8081 4,615,899 47.27 4,167 7 81 
Y. frederiksenii Y225 4,495,532 47.40 4,016 7 82 
Y. intermedia Y228 4,859,749 47.47 4,320 7 81 
Y. kristensenii Y231 4,496,569 47.40 4,012 7 81 
Y. pestis KIM10+ 4,600,755 47.64 4,033 7 73 
Y. pestis CO92 4,653,728 47.64 4,090 6 70 
Y. pseudotuberculosis IP31758 4,723,306 47.54 4,013 7 86 
Y. pseudotuberculosis IP32953 4,743,972 47.61 4,072 7 85 
Y. rohdei YRA 4,372,253 47.03 3,791 7 81 
Y. ruckeri YRB 3,605,216 47.50 3,162 7 79 
Y. ruckeri Big Creek 74 3,699,725 47.64 3,268 7 81 
Y. similis 228 4,903,722 46.97 4,327 7 87 
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The genome size of Yersinia species ranged from the smallest 3,605,216 base pairs in Y. 
ruckeri to the largest 4,903,722 base pairs in Y. similis. Despite there was difference of 
more than one million base pairs between Yersinia genomes, all Yersinia species were 
highly similar in guanine-cytosine percentage and number of rRNA operon. Y. ruckeri 
had the least number of coding sequences (CDSs) or genes, whereas the Y. similis had the 
most number of genes. 
4.2 Average nucleotide identity between Yersinia genomes 
To study the genomic similarity between Yersinia species, average nucleotide identity 
(ANI) was calculated between their chromosomes and between their pYV virulence 
plasmids, separately. The pairwise ANI values between each pair of Yersinia 
chromosomes are tabulated in Table 4.2.  
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Table 4.2: ANI values (in percentage) between each pair of Yersinia chromosomes. Pairwise ANI values between human pathogenic Yersinia 
strains are highlighted in red. 
 
Y.
 a
ld
ov
ae
 6
70
-8
3 
Y.
 a
le
ks
ic
ia
e 
15
9 
Y.
 e
nt
er
oc
ol
iti
ca
 8
08
1 
Y.
 e
nt
er
oc
ol
iti
ca
 Y
11
 
Y.
 fr
ed
er
ik
se
ni
i Y
22
5 
Y.
 in
te
rm
ed
ia
 Y
22
8 
Y.
 k
ri
st
en
se
ni
i Y
23
1 
Y.
 p
es
tis
 C
O
92
 
Y.
 p
es
tis
 K
IM
10
+ 
Y.
 p
se
ud
ot
ub
er
cu
lo
si
s 
IP
31
75
8 
Y.
 p
se
ud
ot
ub
er
cu
lo
si
s 
IP
32
95
3 
Y.
 ro
hd
ei
 Y
R
A
 
Y.
 ru
ck
er
i B
ig
 C
re
ek
 
74
 
Y.
 ru
ck
er
i Y
R
B
 
Y.
 si
m
ili
s 2
28
 
Y. aldovae 670-83 --- 82.96 84.09 83.93 83.09 83.19 83.24 81.45 81.49 81.50 81.40 82.11 77.67 77.66 81.35 
Y. aleksiciae 159 82.98 --- 83.71 83.47 83.78 84.06 83.75 81.77 81.85 81.78 81.80 83.25 78.06 77.99 81.79 
Y. enterocolitica 8081 84.02 83.79 --- 96.62 87.49 83.54 87.51 81.84 81.78 81.60 81.61 83.99 77.70 77.65 81.55 
Y. enterocolitica Y11 83.89 83.46 96.72 --- 87.50 83.23 87.49 81.22 81.29 81.26 81.37 83.73 77.66 77.61 81.25 
Y. frederiksenii Y225 83.07 83.79 87.43 87.45 --- 83.45 100.00 81.48 81.39 81.45 81.32 83.95 77.50 77.54 81.39 
Y. intermedia Y228 83.34 84.26 83.60 83.34 83.57 --- 83.51 81.80 81.74 81.63 81.62 82.91 77.85 77.85 81.68 
Y. kristensenii Y231 83.07 83.79 87.44 87.44 100.00 83.46 --- 81.47 81.39 81.44 81.32 83.96 77.51 77.54 81.37 
Y. pestis CO92 81.25 81.86 81.65 81.20 81.21 81.47 81.34 --- 99.94 98.78 99.13 80.98 77.89 77.81 94.53 
Y. pestis KIM10+ 81.24 81.85 81.64 81.20 81.20 81.46 81.34 99.92 --- 98.79 99.14 80.99 77.91 77.81 94.56 
Y. pseudotuberculosis IP31758 81.34 81.83 81.49 81.17 81.13 81.45 81.39 98.93 98.94 --- 99.04 80.91 77.90 77.78 94.70 
Y. pseudotuberculosis IP32953 81.25 81.84 81.53 81.30 81.22 81.45 81.37 99.18 99.19 98.97 --- 80.93 77.95 77.75 94.61 
Y. rohdei YRA 82.09 83.26 83.90 83.70 83.89 82.67 83.90 80.94 81.01 80.84 80.92 --- 77.76 77.87 80.99 
Y. ruckeri Big Creek 74 77.56 78.01 77.48 77.41 77.48 77.68 77.56 77.81 77.86 77.80 77.74 77.79 --- 97.68 77.66 
Y. ruckeri YRB 77.66 77.95 77.60 77.45 77.50 77.67 77.57 78.05 78.09 77.76 77.71 77.84 97.63 --- 77.81 
Y. similis 228 81.28 81.81 81.45 81.17 81.13 81.42 81.37 94.59 94.60 94.74 94.63 80.90 77.78 77.77 --- 
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I found that the pairwise ANI values between Y. pestis and Y. pseudotuberculosis 
chromosomes were very high, with at least 98.78% identity, probably because the Y. 
pestis is a very recent descendant of Y. pseudotuberculosis (Achtman et al., 1999). To 
describe the close relationship between the two species, I will refer both Y. pestis and Y. 
pseudotuberculosis as Y. pseudotuberculosis-Y. pestis throughout this thesis. Despite Y. 
enterocolitica and Y. pseudotuberculosis-Y. pestis are the only human pathogenic species 
within Yersinia genus, I found that the ANI between them were only approximately 81%. 
My data also clearly showed that the Y. enterocolitica was more similar to human 
nonpathogenic Y. frederiksenii and Y. kristensenii (approximately 87% identity), whereas 
the Y. pseudotuberculosis-Y. pestis were closer to the nonpathogenic Y. similis 
(approximately 94% identity). These findings suggest that the pathogenic Y. 
enterocolitica is not closely related to the Y. pseudotuberculosis-Y. pestis, which is 
consistent with the findings reported in previous studies (McNally et al., 2016; Thomson 
et al., 2006). 
Besides the ANI of Yersinia chromosomes, the ANI between the pYV virulence plasmids 
harboured by human pathogenic Y. enterocolitica and Y. pseudotuberculosis-Y. pestis 
were also calculated (Table 4.3). 
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Table 4.3: ANI values (in percentage) between the pYV virulence plasmids 
harboured by human pathogenic Yersinia species. 
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Y. pestis CO92 --- 99.33 97.58 96.96 
Y. pseudotuberculosis IP32953 99.49 --- 97.21 96.62 
Y. enterocolitica 8081 97.65 97.54 --- 98.20 
Y. enterocolitica Y11 97.50 97.38 98.20 --- 
 
Unlike the low chromosomal ANI values (approximately 81%) between the Y. 
enterocolitica and Y. pseudotuberculosis-Y. pestis, I found that their pYV plasmids were 
highly similar with approximately 97% identity, suggesting that their pYV plasmids are 
closely related to each other, and might have the same origin albeit they are borne by 
distantly related human pathogenic Yersinia species. 
4.3 Yersinia gene families 
4.3.1 Gene families in Yersinia chromosomes 
To study the gene families in Yersinia, all chromosomal protein sequences of the fifteen 
Yersinia complete genomes were clustered into 8,943 gene families. Percentage of 
orthologous, co-orthologous, dispensable and strain-specific gene families are shown in 
Figure 4.1. 
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Figure 4.1: Percentage of orthologous, co-orthologous, dispensable and strain-
specific gene families present in the Yersinia genomes. 
Given a gene family, ortholog is the gene which duplicated during speciation and is 
present in exactly one copy in each genome whereas co-ortholog is also an ortholog, but 
it has been duplicated in some of the genomes (Lechner et al., 2011). I found that the 
orthologous and co-orthologous gene families contributed less than a quarter (22.18%) to 
the total gene families of Yersinia. This suggests that most of the Yersinia species had 
acquired new gene families in the past, diluting the proportion of (co-)orthologous genes. 
Gene duplication might not be the dominant process in Yersinia as I found that less than 
1% of total gene family were co-orthologous gene family. 
On the other hand, I also found that dispensable and strain-specific gene families had 
contributed more than three quarters (77.82%) to the total gene family of Yersinia. Given 
a gene family, dispensable gene is the gene which present in at least two genomes but not 
all whereas strain-specific gene, as the name implies, the gene can be only found in one 
strain (Tettelin et al., 2005). The large number of dispensable and strain-specific genes in 
Yersinia suggests that the genomes of Yersinia are likely mosaic and frequently change 
to acclimatize to new environments (Segerman, 2012). For instance, certain lineages 
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might acquire new genes, which are not present in other lineages, to survive in new niches, 
or they might lose some genes which no longer required. In either case, the process could 
lead to dispensable gene families, whereby the genes will be only found in certain lineages.  
4.3.2 Gene families in the pYV virulence plasmids 
To study the gene families in pYV virulence plasmids harboured by human pathogenic Y. 
enterocolitica and Y. pseudotuberculosis-Y. pestis, the protein sequences encoded by their 
pYV plasmids were clustered into 128 gene families. Percentage of core, dispensable and 
strain-specific gene families from the pYV plasmids are shown in Figure 4.2. 
 
Figure 4.2: Percentage of orthologous, co-orthologous, dispensable and strain-
specific gene families present in pYV virulence plasmids harboured by human 
pathogenic Yersinia species. 
Despite only four pYV plasmids were used in this analysis, I found that the core gene 
(gene which is present in every plasmid) contributed less than half (41%) to the gene pool 
of pYV plasmids, suggesting that they are not conserved across all human pathogenic 
Yersinia species. Similarly to chromosomes, the pYV might have experienced multiple 
gene gain or gene loss events in Y. enterocolitica and Y. pseudotuberculosis-Y. pestis 
throughout the evolution time. Nevertheless, I found that the core genes mainly encoded 
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for Ysc-Yop T3SS, which is the most important virulence factors deployed by human 
pathogenic Yersinia species to infect host cells (Cornelis, 2002a).  
On the other hand, transposase and integrase genes were found in the dispensable gene 
families. This further suggests that insertion of other mobile genetic elements into pYV 
plasmids had been taken place in the past, which decreased the proportion of pYV core 
genes. Among the strain-specific genes, I found arsBCRH (arsenic detoxification genes) 
in Y. enterocolitica Y11. This is consistent with a previous study suggesting that the 
presence of ars locus might be important for the spread of low pathogenic Y. 
enterocolitica Y11 (Neyt et al., 1997). 
4.4 Phylogenetic relationships between Yersinia and Yersinia ruckeri 
The taxonomic classification of fish pathogenic Y. ruckeri is still uncertain since its 
discovery (Chen et al., 2010; Sulakvelidze, 2000). Construction of Enterobacteriaceae 
supermatrix tree might be helpful in resolving this uncertainty. By inferring from 141,057 
nucleotides, I have constructed an Enterobacteriaceae supermatrix tree, which is shown 
in Figure 4.3. The supermatrix tree clearly showed that Y. ruckeri was clustered together 
with the rest Yersinia species, but not Serratia. 
To provide support to the visual inspection, I have also calculated the branch length, 
which was based on number of nucleotide substitutions per site, between Y. ruckeri and 
the other species. Y. ruckeri YRB was used as the reference and the results are tabulated 
in Table 4.4. From the calculation, Yersinia was the nearest species to Y. ruckeri, followed 
by Hafnia alvei and Serratia. This confirms that Y. ruckeri is belonged to Yersinia genus.  
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Figure 4.3: Enterobacteriaceae supermatrix tree constructed using non-
recombinant super-sequence with 141,057 nucleotides and rooted by Haemophilus 
influenzae. Yersinia genus was bordered by red. 
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Table 4.4: First 30 species nearest to Y. ruckeri YRB (reference) based on 
calculation of branch length. 
Genome Branch length 
Yersinia ruckeri YRB 0 
Yersinia ruckeri Big Creek 74 0.01359 
Yersinia similis Y228 0.28015 
Yersinia pseudotuberculosis IP 31758 0.28028 
Yersinia aldovae 670-83 0.28067 
Yersinia pseudotuberculosis IP 32953 0.28068 
Yersinia pestis CO92 0.2823 
Yersinia pestis KIM10 0.2823 
Yersinia intermedia Y228 0.29822 
Yersinia aleksiciae 159 0.29836 
Yersinia enterocolitica Y11 0.30546 
Yersinia frederiksenii Y225 0.30556 
Yersinia kristensenii Y231 0.30556 
Yersinia enterocolitica 8081 0.30667 
Yersinia rohdei YRA 0.30795 
Hafnia alvei FB1 0.42284 
Serratia plymuthica S13 0.44202 
Serratia marcescens WW4 0.44206 
Serratia plymuthica AS9 0.44284 
Serratia marcescens subsp. marcescens Db11 0.44351 
Rahnella aquatilis HX2 0.44453 
Serratia fonticola DSM 4576 0.44644 
Serratia liquefaciens ATCC 27592 0.45524 
Serratia liquefaciens HUMV-21 0.45577 
Serratia proteamaculans 568 0.45618 
Serratia multitudinisentens RB-25 0.49778 
Pragia fontium 24613 0.5042 
Cedecea neteri SSMD04 0.53695 
Pectobacterium carotovorum subsp. carotovorum PC1 0.53755 
Klebsiella michiganensis RC10 0.55149 
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4.5 Phylogenetic relationships between Yersinia species 
In this section, I studied the phylogenetic relationships of Yersinia species using different 
bioinformatics approaches such as supermatrix tree and gene content-based phylogenetic 
tree. 
4.5.1 Yersinia supermatrix tree 
A non-recombinant super-sequence with length of 245,662 nucleotides was used to infer 
Yersinia supermatrix tree and to study the phylogenetic relationships between 15 Yersinia 
genomes (Figure 4.4). 
 
Figure 4.4: Yersinia supermatrix tree inferred from non-recombinant super-
sequence and rooted by Serratia liquefaciens. All Yersinia species descended from 
the “Last Common Ancestor of all Yersinia” (LCAY) while human pathogenic Y. 
enterocolitica and Y. pseudotuberculosis-Y. pestis shared the “Last Common 
Ancestor of Human Pathogenic Yersinia” (LCAHPY). Phylogroup-P, phylogroup-
E and phylogroup-R were highlighted by magenta, cyan and yellow respectively. 
All internal nodes had bootstrap value of 100. 
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The supermatrix tree demarcated fifteen Yersinia genomes into three phylogroups, 
namely phylogroup-P, phylogroup-E and phylogroup-R. Generally, all Yersinia species 
diverged from “Last Common Ancestor of all Yersinia” (LCAY). The fish pathogenic Y. 
ruckeri was isolated from the rest species and belonged to phylogroup-R. My data clearly 
showed that the human pathogenic Y. enterocolitica and Y. pseudotuberculosis-Y. pestis 
did not belong to the same phylogroup. Y. enterocolitica belonged to phylogroup-E, and 
it was grouped together with the human non-pathogenic Y. aldovae, Y. aleksiciae, Y. 
intermedia, Y. rohdei, Y. frederiksenii and Y. kristensenii. On the other hand, Y. 
pseudotuberculosis-Y. pestis belonged to phylogroup-P and grouped together with Y. 
similis, another human non-pathogenic Yersinia species. As Y. enterocolitica and Y. 
pseudotuberculosis-Y. pestis appeared at the basal position of the supermatrix tree and 
closer to the non-pathogenic species in their respectively phylogroup, they might have 
evolved from different non-pathogenic populations.  
I also found that the human pathogenic Y. enterocolitica and Y. pseudotuberculosis-Y. 
pestis did not share the same direct ancestor, but instead, their common ancestor, namely 
“Last Common Ancestor of Human Pathogenic Yersinia” (LCAHPY), was far from them 
and closer to LCAY. In general, the Yersinia supermatrix tree suggests that Y. 
enterocolitica is distantly related to Y. pseudotuberculosis-Y. pestis and their time of 
divergence could be very ancient. 
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4.5.2 Yersinia gene content-based phylogenetic tree 
Based on the information of the presence and absence of gene families in each genome, 
a gene content phylogenetic tree was reconstructed to infer the phylogenetic relationship 
of Yersinia species in Figure 4.5. 
 
Figure 4.5: Yersinia gene content-based phylogenetic tree reconstructed based on 
the information of the presence and absence of gene families in each genome. The 
tree exhibits highly similar phyletic patterns with supermatrix tree whereby the 
genomes were grouped into phylogroup-R, phylogroup-E and phylogroup-P. 
I found that the gene content-based phylogenetic tree had highly similar phyletic patterns 
with the Yersinia supermatrix tree, whereby all fifteen genomes were also grouped into 
three phylogroups. Besides that, LCAY and LCAHPY, which were present in the 
supermatrix tree could also be recovered in the gene content-based phylogenetic tree. 
These observations suggest that there are distinguishable gene contents harboured by 
Yersinia species from different phylogroups, probably due to phylogroup-specific gene 
turnovers. 
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4.6 Recombination in Yersinia 
To examine whether recombination is extensive within Yersinia, I have estimated the rate 
of recombination compared to the mutation rate using super-sequence present in all 
Yersinia species. The average relative rate of recombination (R) to mutation (θ) of 
Yersinia genus was estimated to be R/θ = 0.011, mean DNA import length was δ = 603 
base pairs, mean divergence of imported DNA was ν = 0.041. As R/θ was smaller than 1, 
mutation is likely a dominant occurrence in the genus, taking place at 90 (1/0.011=90) 
times more often than recombination. It is possible that the recombination across different 
species would decrease due to the increase of nucleotide divergence between Yersinia 
species (Majewski et al., 2000). 
4.7 Gene gain-and-loss in Yersinia 
To understand how gene content was changed since the emergence of Yersinia, gene gain-
and-loss analysis was performed. Acquired and lost genes in the ancestors were predicted 
based on maximum parsimony algorithm applying on gene content of present-day 
Yersinia species. The number of gene gain, gene loss and number of gene in each ancestor 
are shown in Figure 4.6.  
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Figure 4.6: Yersinia cladogram showing the reconstruction of gene gain-and-loss in 
ancestral nodes. Green, red, white colour numbers indicate gene gain, gene loss 
and number of gene in each ancestor respectively. Hypothetical ancestors of 
interest are labelled in blue colour text. 
My analysis showed that the gene gain was dominant in the evolution of Yersinia. For 
instance, I found that the number of gene gain was greater than the number of gene loss 
in most ancestor and present-day genomes. This suggests that the genomes of Yersinia 
generally increase in size. In the subsections below, I shall discuss the acquired and lost 
genes in ancestors of interest which leading to the emergence of human pathogenic Y. 
enterocolitica and Y. pseudotuberculosis-Y. pestis. To ease the discussion that followed, 
I have assigned hypothetical names for ancestors of interest in the Figure 4.6. 
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4.7.1 Emergence of Last Common Ancestor of all Yersinia (LCAY) 
LCAY was hypothesized as the most recent hypothetical ancestor shared by all Yersinia 
species in this study. LCAY might have preferred an aerobic environment due to the 
acquisition of aerobic citrate transporter genes (tctABCDE) (Brocker et al., 2009). It 
might be able to extract heme from the host organism as indicated by the gain of heme 
receptor gene (hasR) and hemophore gene (hasA) (Letoffe et al., 1999). 
I found that the LCAY had lost dsdACX which are D-serine tolerance genes. D-serine is 
an anti-microbial compound abundant in the brain and urinary tract and it is able to inhibit 
growth of enterohemorrhagic Escherichia coli (Connolly et al., 2016). I hypothesize that 
the LCAY might be unable to survive in brain and urinary tract due to the loss of these 
important genes.  
4.7.2 Emergence of last common ancestor of fish pathogenic Yersinia ruckeri (R0 
ancestor) 
R0 was hypothesized as the most recent hypothetical ancestor shared by all fish 
pathogenic Y. ruckeri strains in phylogroup-R. It was the direct descendant of LCAY. I 
found that R0 ancestor had acquired several virulence genes, which including ysa-T3SS, 
yts1-Type Two Secretion System (T2SS) and entABCES. Previous studies have shown 
that both ysa and yts1 loci are found only in high pathogenic Y. enterocolitica while ent 
locus, which encodes for ruckerbactin (a type of siderophore), is up regulated when Y. 
ruckeri infects fish (Fernandez et al., 2004; Haller et al., 2000; Iwobi et al., 2003). The 
acquisitions of these virulence genes suggest they are important to the pathogenesis of Y. 
ruckeri strains in rainbow trout. R0 ancestor had also gained rsbW (anti-anti-sigma factor) 
and rsbV (anti-anti-sigma factor), which play an important role in osmoprotection of 
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Streptomyces coelicolor, probably reflecting the importance of these genes to Y. ruckeri 
since it lives in freshwater (Lee et al., 2004). 
I found several metabolism and transporters genes were lost in R0 ancestor. For instance, 
iolABCDEG (myo-inositol degradation genes) that encode enzymes to degrade myo-
inositol, an abundant compound in soil, was lost in R0. The loss of iol locus probably due 
to a narrower niche in Y. ruckeri as it mainly associates with and infects fishes 
(Sulakvelidze, 2000). Besides, the loss of efeUOB (acid-induced ferrous transporter genes) 
suggests the shift of Y. ruckeri to freshwater that has more neutral pH resulting the genes 
unnecessary for survival (Cao et al., 2007).  
4.7.3 Emergence of Last Common Ancestor of all human pathogenic Yersinia species 
(LCAHPY) 
LCAHPY was the most recent ancestor shared by human pathogenic Y. 
pseudotuberculosis-Y. pestis and Y. enterocolitica. Therefore, gene gain-and-loss in 
LCAHPY would be interesting to study. I found that LCAHPY had acquired pgaABCD 
(poly-beta-1,6-N-acetyl-D-glucosamine synthesis and transport genes), pel and pelW 
(pectate lyases), togBANM and togT (oligogalacturonide transporter genes). Previous 
studies have shown that these genes allow human enteric pathogen, such as Escherichia 
coli EDL933, to persist and proliferate on vegetables (Hugouvieux-Cotte-Pattat & 
Reverchon, 2001; Roy et al., 1999; Yamazaki et al., 2011; Yaron & Romling, 2014). 
Hence, the acquisition of pga, pel and tog loci suggests that LCAHPY might have 
acquired the capability to grow on vegetables and be introduced into the human 
gastrointestinal tract after consumption of vegetables. 
Besides the genes for surviving the outside human intestines, I found that the LCAHPY 
ancestor had also acquired genes such as yut and urtABCDE (urea transporter genes), 
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nixA and yntABCDE (nickel transporter genes), ureABCEFGD (urease genes). Previous 
study showed that these genes allow Helicobacter pylori to colonize and cause infections 
in stomach (Mobley, 1996). This suggests that those loci might allow colonization of 
LCAHPY in gastrointestinal tract after consumption of contaminated food by the host. 
The survival of LCAHPY in human gastrointestinal tract could be further enhanced 
through the acquisition of lsrABCD (autoinducer-2 transporter genes) and lsrABCD 
(autoinducer-2 processing enzymes genes). For instance, previous study proposed that 
enteric bacteria might use Lsr proteins to interrupt intercellular communication among 
competing bacterial cells (Xavier et al., 2007). 
4.7.4 Emergence of Phylogroup-E 
LCAHPY, which shared by both human pathogenic Y. enterocolitica and Y. 
pseudotuberculosis-Y. pestis, has generally diverged into two lineages: phylogroup-E and 
phylogroup-P. Subsequent speciation events in phylogroup-E eventually gave to the rise 
of enteropathogenic Y. enterocolitica (Figure 4.4 and Figure 4.6). Many hypothetical 
ancestors had emerged during the speciation events before Y. enterocolitica, namely E0, 
E1, E2 and E3 in this study. I found that these hypothetical ancestors had acquired hyb 
and hyf loci (hydrogenase genes), cbiABCDETFGHJKLMNOQP and cobSTU 
(cobalamin biosynthesis genes), pduBCELPQW (1,2-propanediol degradation genes) and 
ttrABCRS locus (tetrathionate reduction genes). Previous study showed that these loci 
can provide growth advantage to Salmonella enterica serotype Typhimurium in the 
gastrointestinal tract and to outcompete other enteric bacteria (Rohmer et al., 2011). This 
may suggest similar role of these acquired genes during the emergence of phylogroup-E 
species. Besides that, I suggest that cellobiose might be important to the metabolism of 
phylogroup-E species as they gained second copy of celABC (cellobiose 
phosphotransferase system). 
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4.7.5 Emergence of human pathogenic Yersinia enterocolitica in phylogroup-E 
The abovementioned E3 ancestor further diverged into two lineages; one of them was 
“the last common ancestor of all Y. enterocolitica strains” (Ancestor_Ye). Cellobiose 
seemed to be important to the lifestyle of Ancestor_Ye because I found that it had 
acquired the third copy of celABC genes. rutRABCDEFG (pyrimidine catabolism genes) 
were also acquired by Ancestor_Ye but their physiological role in bacteria is not yet 
understood. Nevertheless, the absence of rut locus in the all non-pathogenic species 
within phylogroup-E suggests that it might play an important role in the virulence traits 
of Y. enterocolitica. Most importantly, I found that the Ancestor_Ye had acquired pYV 
virulence plasmids and myf genes (Iriarte & Cornelis, 1995; Miller et al., 1989). 
4.7.6 Emergence of Phylogroup-P 
Phylogroup-P was the sister lineage of phylogroup-E. Both of them diverged from the 
LCAHPY. Subsequent speciation events in phylogroup-P gave to the rise of human 
pathogenic Y. pseudotuberculosis. From the supermatrix tree (Figure 4.4 and Figure 4.6), 
P0 ancestor, which descended directly from LCAHPY, had emerged before “the last 
common ancestor of all Y. pseudotuberculosis-Y. pestis strains” (Ancestor_Yps). I found 
that P0 had gained terZABCD (tellurite resistance genes) and ripABC (itaconate 
catabolism genes). Itaconate is a type of antimicrobial compound secreted by 
macrophages. Previous studies have shown that these two loci are adaptive strategies for 
bacteria to survive inside macrophages, suggesting similar role for phylogroup-P species 
(Ponnusamy & Clinkenbeard, 2015; Ponnusamy et al., 2011; Sasikaran et al., 2014). 
Besides adaptive genes, P0 ancestor had also gained several virulence genes, including 
pilWVUSRQPONML (type IV pilus gene cluster which resides in Yersinia adhesion 
pathogenicity island), psaABCEF (pH 6 antigen genes). All of these virulence genes have 
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been shown to be important in pathogenicity of human pathogenic Yersinia (Collyn et al., 
2002; Yang et al., 1996). 
On the other hand, bcsGFE and bcsQABZC, which are cellulose synthesis genes, were 
lost in P0 ancestor. A recent study has demonstrated that repression of cellulose 
biosynthesis in Salmonella when it is inside a macrophage could increase its virulence 
(Pontes et al., 2015). It is possible that the loss of cellulose biosynthesis genes and gain 
of itaconate catabolism genes could enhance survival of phylogroup-P species inside the 
macrophage. 
4.7.7 Emergence of human pathogenic Yersinia pseudotuberculosis in phylogroup-P 
All Y. pseudotuberculosis strains descended from “the last common ancestor of all Y. 
pseudotuberculosis-Y. pestis strains” (Ancestor_Yps). I found that Ancestor_Yps 
ancestor had acquired mqsR and mqsA, which are a pair of toxin-antitoxin genes. Previous 
study has showed that mqsR and mqsA are the most highly up regulated gene in persistent 
E. coli cells and they regulated other physiological genes (Brown et al., 2009). This 
suggests that the mqs toxin-antitoxin gene pair may be important for the pathogenic 
phylogroup-P species to overcome stresses from the host immune mechanisms. 
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4.8 inv homologs in Yersinia 
Invasin, which encoded by the inv gene, is one of the virulence factors deployed by human 
pathogenic Y. enterocolitica and Y. pseudotuberculosis to attach and invade host cell 
lining (Mikula et al., 2012). However, the evolutionary history of inv is less focused 
compared to its virulence mechanism. Hence, I attempted to search for inv homologs in 
Yersinia to understand its evolution. Using the functional inv from Y. enterocolitica 8081 
as reference, I found that there were a total of 13 (including reference) inv homologs in 
Yersinia species and clustered them into a single gene family based on at least 25% 
sequence identity, 50% sequence completeness and E-value < 1E-5 (Table 4.5.).  
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Table 4.5: BLASTP output where the functional inv of Y. enterocolitica 8081 was used as reference query to search for homologs in Yersinia. 
The functional inv genes of human pathogenic species are highlighted in red.  
Subject  Subject locus tag Subject start Subject end Query start Query end Sequence identity (%) 
Y. aldovae 670-83 CP009781.1_CDS_159 58 811 46 808 40.67 
Y. aldovae 670-83 CP009781.1_CDS_407 159 619 69 540 46.33 
Y. enterocolitica 8081 AM286415.1_CDS_2507 1 835 1 835 100 
Y. enterocolitica Y11 FR729477.2_CDS_1378 1 835 1 835 99.04 
Y. frederiksenii Y225 CP009364.1_CDS_1102 131 653 69 623 36.56 
Y. kristensenii Y231 CP009997.1_CDS_515 131 653 69 623 36.56 
Y. pestis CO92 AL590842.1_CDS_1781 7 467 245 730 46.26 
Y. pestis KIM10+ AE009952.1_CDS_2457 7 467 245 730 46.26 
Y. pseudotuberculosis IP31758 CP000720.1_CDS_2233 1 746 1 730 51.28 
Y. pseudotuberculosis IP32953 BX936398.1_CDS_1693 1 746 1 730 51.41 
Y. rohdei YRA CP009787.1_CDS_1058 162 736 55 640 39.07 
Y. rohdei YRA CP009787.1_CDS_1742 139 624 54 544 49.3 
Y. similis Y228 CP007230.1_CDS_3220 1 751 1 730 51.28 
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Gene gain and loss analysis suggests that the inv homologs might have been inherited 
from LCAHPY. By analysing the BLASTP outputs, I found that the inv homologs were 
generally present in most Yersinia species. However, it should be noted that the inv gene 
has previously been reported to be pseudogenized in human pathogenic Y. pestis (Simonet 
et al., 1996). On the other hand, two human non-pathogenic species, Y. aldovae and Y. 
rohdei, might have duplicated the inv homolog. Recombination testing showed that the 
probability of recombination is p < 0.01, proposing that the recombination might have 
been taken place in the past. In general, inv homologs which were inherited from the 
LCAHPY might have undergone different evolutionary changes such as gene loss, gene 
duplication and recombination.  
Besides, I found some differences in the query and subject start positions in the 
alignments when comparing between the human pathogenic Yersinia and non-pathogenic 
species: the aligned regions between inv homologs of all non-pathogenic Yersinia (except 
Y. similis) and reference inv did not start at first amino acid. This might account for 
different expression of the protein transcribed from inv homolog in non-pathogenic 
Yersinia species as the N-terminal of Inv is important for proper localization in the outer 
membrane of Yersinia as previously reported (Leong et al., 1990). 
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4.9 ail homologs in Yersinia 
Ail is another virulence factor deployed by human pathogenic Y. enterocolitica and Y. 
pseudotuberculosis-Y. pestis besides Inv (Mikula et al., 2012). Similarly with the inv gene, 
the evolutionary history of the ail gene is also less focused compared to its virulence 
mechanism. Using the functional ail from Y. pestis as reference, I found that there were a 
total of 32 ail homologs present in Yersinia and clustered them into three gene families 
based on at least 25% sequence identity, 50% sequence completeness and E-value < 1E-
5 (Table 4.6).  
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Table 4.6: Gene families of 32 ail homologs in Yersinia together with the BLASTP output where functional ail from Y. pestis CO92 was used as 
reference. The functional ail genes of human pathogenic species are highlighted in red.  
Gene 
family Subject Subject locus tag 
Subject 
length 
Query coverage 
(%) 
Query Identity 
(%) 
1 
Y. similis 228 CP007230.1_CDS_3282 184 100.00 42.70 
Y. pseudotuberculosis 
IP31758 
CP000720.1_CDS_2171 183 98.91 45.36 
CP000720.1_CDS_1869 179 97.21 44.94 
CP000720.1_CDS_1114 179 100.00 99.44 
Y. pseudotuberculosis 
IP32953 
BX936398.1_CDS_2930 179 100.00 99.44 
BX936398.1_CDS_1757 183 98.91 45.36 
BX936398.1_CDS_2167 179 97.21 44.94 
Y. pestis CO92 
AL590842.1_CDS_1847 183 98.91 45.36 
AL590842.1_CDS_2879 179 100.00 100.00 
AL590842.1_CDS_2180 179 97.21 44.94 
Y. pestis KIM10+  
AE009952.1_CDS_1968 179 97.21 44.94 
AE009952.1_CDS_2392 183 98.91 45.36 
AE009952.1_CDS_1299 179 100.00 100.00 
2 
Y. enterocolitica Y11 FR729477.2_CDS_21 178 100.00 74.30 
Y. enterocolitica 8081 AM286415.1_CDS_1784 178 100.00 73.74 
Y. similis 228 CP007230.1_CDS_63 179 100.00 91.62 CP007230.1_CDS_1815 178 100.00 60.89 
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Table 4.6: Gene families of 32 ail homologs in Yersinia together with the BLASTP output where functional ail from Y. pestis CO92 was used as 
reference. The functional ail genes of human pathogenic species are highlighted in red, continued.  
Gene 
family Subject Subject locus tag 
Subject 
length 
Query coverage 
(%) 
Query Identity 
(%) 
3 
Y. aldovae 670-83 CP009781.1_CDS_3803 175 100.00 39.56 
Y. intermedia Y228 CP009801.1_CDS_3158 175 100.00 38.25 
Y. aleksiciae 159 CP011975.1_CDS_443 175 100.00 38.92 
Y. rohdei YRA CP009787.1_CDS_3781 175 100.00 38.80 
Y. frederiksenii Y225 CP009364.1_CDS_591 175 100.00 38.92 
Y. kristensenii Y231 CP009997.1_CDS_1027 175 100.00 38.92 
Y. enterocolitica Y11 FR729477.2_CDS_1664 175 100.00 39.46 
Y. enterocolitica 8081 AM286415.1_CDS_2785 175 100.00 39.46 
Y. similis 228 CP007230.1_CDS_4080 174 100.00 40.66 
Y. pseudotuberculosis 
IP31758 CP000720.1_CDS_1436 174 100.00 40.66 
Y. pseudotuberculosis 
IP32953 BX936398.1_CDS_2607 174 100.00 40.66 
Y. pestis CO92 AL590842.1_CDS_2487 174 100.00 40.66 
Y. pestis KIM10+ AE009952.1_CDS_1634 174 100.00 40.66 
Y. ruckeri YRB CP009539.1_CDS_3022 174 100.00 39.13 
Y. ruckeri Big Creek 74 CP011078.1_CDS_3141 174 100.00 38.46 
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I found that gene family 3 comprised of ail homologs which were present in each Yersinia 
species. All of the ail homologs in this family had only approximately 39% sequence 
identity to the reference ail protein sequence, suggesting that they might not be 
functionally similar to it. In the gene families 1 and 2, the ail homologs were only present 
in the human pathogenic Y. enterocolitica and Y. pseudotuberculosis-Y. pestis, but to the 
exception of non-pathogenic Y. similis. CP007230.1_CDS_63, one of the ail homologs in 
Y. similis, had very high sequence identity (91.6%) to the functional ail protein sequence, 
suggesting that they might be functionally similar to each other. I also found that the 
functional ail genes of Y. pseudotuberculosis-Y. pestis strains were grouped together with 
their respective ail homologs, proposing that these genes are paralogous to each other and 
the ail in these human pathogenic species might have arisen from gene duplication events. 
To identify whether the ail gene arose from gene duplication events, I searched the 
sequences of the functional ail in pathogenic Y. enterocolitica against other ail homologs 
using BLASTP. (Table 4.7). 
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Table 4.7: BLASTP output of the functional ail from Y. enterocolitica 8081,which 
was used as query to search against ail homologs in Yersinia. Phylogroup-P species, 
which are highlighted in red, were in the top significant hits. The functional ail 
genes in pathogenic species are in bold. 
Genome name Subject ID Identity (%) E-value 
Bit 
score 
Y. similis 228 CP007230.1_CDS_63 74.86 3.72E-97 269 
Y. pseudotuberculosis 
IP32953 BX936398.1_CDS_2930 73.74 1.10E-93 261 
Y. pseudotuberculosis 
IP31758 CP000720.1_CDS_1114 73.74 1.10E-93 261 
Y. similis 228 CP007230.1_CDS_1815 66.85 1.09E-90 253 
Y. pseudotuberculosis 
IP31758 CP000720.1_CDS_2171 48.90 9.26E-56 164 
Y. pseudotuberculosis 
IP32953 BX936398.1_CDS_1757 46.74 9.67E-56 164 
Y. similis 228 CP007230.1_CDS_3282 46.49 2.12E-55 164 
Y. pseudotuberculosis 
IP32953 BX936398.1_CDS_2167 46.39 2.95E-51 153 
Y. pseudotuberculosis 
IP31758 CP000720.1_CDS_1869 46.39 2.95E-51 153 
Y. ruckeri Big Creek 74 CP011078.1_CDS_3141 40.33 2.23E-42 130 
Y. ruckeri YRB CP009539.1_CDS_3022 40.33 7.85E-42 129 
Y. aldovae 670-83 CP009781.1_CDS_3803 38.46 8.50E-39 121 
Y. similis 228 CP007230.1_CDS_4080 38.30 9.44E-38 118 
Y. pseudotuberculosis 
IP32953 BX936398.1_CDS_2607 38.30 1.57E-37 118 
Y. pseudotuberculosis 
IP31758 CP000720.1_CDS_1436 38.30 1.57E-37 118 
Y. intermedia Y228 CP009801.1_CDS_3158 37.36 1.80E-36 115 
Y. kristensenii Y231 CP009997.1_CDS_1027 37.91 2.33E-36 115 
Y. frederiksenii Y225 CP009364.1_CDS_591 37.91 2.33E-36 115 
Y. enterocolitica Y11 FR729477.2_CDS_1664 36.81 2.41E-36 115 
Y. enterocolitica 8081 AM286415.1_CDS_2785 36.81 2.41E-36 115 
Y. rohdei YRA CP009787.1_CDS_3781 37.16 7.10E-36 114 
Y. aleksiciae 159 CP011975.1_CDS_443 36.81 5.47E-35 111 
 
From the BLASTP output, phylogroup-P species were in the top significant hits. I also 
performed a pairwise comparison of ail and ail homologs between Y. enterocolitica 
strains and Y. pseudotuberculosis IP32953 (reference of phylogroup-P). The results are 
shown in Figure 4.7.  
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Figure 4.7: Pairwise percentage of identity between ail and ail homologs protein 
sequences for Y. pseudotuberculosis IP32953, Y. enterocolitica 8081 and Y11. 
Pairwise comparisons are indicated by blue double arrow pointing to two locus 
tags while the percentage of identity is labelled next to the arrow. 
Although human pathogenic Y. enterocolitica had one functional ail and one ail homolog, 
I found that its functional ail was closer to the ail and ail homologs from phylogroup-P 
species compared to its own ail homolog. For instance, in Figure 4.7, the ail 
(AM286415.1_CDS_1784) from Y. enterocolitica 8081 had only 37% to its own ail 
homolog (AM286415.1_CDS_2785), but it had approximately 46% to ail paralogs 
(BX936398.1_CDS_2167 and BX936398.1_CDS_1757) and 74% to functional ail 
(BX936398.1_CDS_2930) from Y. pseudotuberculosis IP32953. ail from Y. 
enterocolitica Y11 also exhibited the same outcome. Taken all together, I hypothesize 
that the ail of Y. enterocolitica might be originated from the ail of Y. pseudotuberculosis, 
most probably due to lateral gene transfer. This hypothesis is made on the basis that top 
hits returned by the BLAST program could be used to predict the donor of laterally 
transferred gene (Ravenhall et al., 2015). 
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4.10 Genes exclusive to human pathogenic Yersinia 
It would be important to identify which gene is exclusive to human pathogenic Yersinia 
species from different phylogroups to see if there is any convergent evolution. I found 
there were only a few genes which were present in both Y. enterocolitica and Y. 
pseudotuberculosis-Y. pestis (Table 4.8). 
Table 4.8: Genes exclusive to human pathogenic Yersinia from different 
phylogroups.  
Gene locus Gene location Genome 
ysc-yop T3SS pYV plasmid 
Y. enterocolitica 
Y. pseudotuberculosis 
Y. pestis 
yadA pYV plasmid Y. enterocolitica Y. pseudotuberculosis 
ybt Chromosome 
Y. enterocolitica 8081 
Y. pseudotuberculosis IP32953 
Y. pestis 
 
The Ysc-Yop T3SS is a virulence factor that allows human pathogenic Yersinia to take 
over host cell signalling system and escape phagocytosis while YadA is involved in 
adhesion, serum resistance and Yop delivery (Cornelis, 2002a; Mikula et al., 2012). On 
the other hand, ybt locus is only present highly pathogenic Yersinia, such as Y. 
enterocolitica 8081 but not Y. enterocolitica Y11 (Pelludat et al., 1998). The locus is 
involved in yersiniabactin (a type of siderophore) synthesis and transport and it allows 
pathogenic Yersinia to scavenge iron in iron-limited environment. I did not find any 
metabolism gene unique to human pathogenic Yersinia, suggesting Y. enterocolitica and 
Y. pseudotuberculosis-Y. pestis do not converge to utilize the same metabolic compound. 
Taken all together, pYV virulence plasmid is the most important virulence determinant 
ever acquired by human pathogenic Yersinia species. 
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4.11 Clustered Regularly-interspaced Short Palindromic Repeats in Yersinia 
The CRISPR-Cas system is known to be a defence mechanism for bacteria to become 
immune to phage and plasmid (Haft et al., 2005). Spacers located in CRISPR array can 
provide resistance to foreign DNA if there is sequence homology between them. I found 
that only Y. rohdei, Y. frederiksenii, Y. kristensenii, Y. similis and human pathogenic Y. 
pseudotuberculosis-Y. pestis have the CRISPR-Cas and spacers. Another human 
pathogenic Yersinia, Y. enterocolitica, have lost both CRISPR-Cas system and spacers.  
To identity the donors of these spacers, I performed BLASTN searches of the spacer 
sequences that were present in Yersinia genomes against the NCBI plasmid database 
(Geer et al., 2010). The BLASTN outputs are tabulated in Appendix D while the list of 
possible donors is summarized in Table 4.9. 
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Table 4.9: Summary of BLASTN outputs showing the possible donor of spacers 
found in Yersinia genomes. pYV virulence plasmid and pYE854 conjugative 
plasmid are in red text. 
Genome and spacer 
locus Possible donors of spacers 
Y. frederiksenii Y225 
 
CP009364.1_1_1745584 
CP009364.1_2_1756249 
Burkholderia gladioli BSR3 plasmid bgla_4p 
Klebsiella pneumoniae JM45 plasmid p1 
Lactococcus lactis A76 plasmid pQA554 
Salmonella enterica CFSAN000189 plasmid 
Yersinia enterocolitica plasmid pYE854 
Y. kristensenii Y231 
 
CP009997.1_1_26717 
CP009997.1_2_37383 
Burkholderia gladioli BSR3 plasmid bgla_4p 
Klebsiella pneumoniae BK31551 plasmid pBK31551 
Salmonella enterica CFSAN000189 plasmid 
Serratia marcescens plasmid R830b 
Yersinia enterocolitica plasmid pYE854 
Y. pestis CO92 
 
AL590842.1_1_1773715 
Escherichia coli plasmid pEC14_35 
Salmonella enterica CFSAN001921 plasmid unnamed 
Vibrio fischeri MJ11 plasmid pMJ100 
Yersinia enterocolitica 8081 plasmid pYVe8081 
Yersinia enterocolitica Y11 plasmid pYVO3  
Yersinia enterocolitica W22703 plasmid pYVe227 
Y. pestis KIM10+ 
 
AE009952.1_3_2875781 
Escherichia coli plasmid pEC14_35 
Salmonella enterica CFSAN001921 plasmid unnamed 
Vibrio fischeri MJ11 plasmid pMJ100 
Yersinia enterocolitica 8081 plasmid pYVe8081 
Yersinia enterocolitica Y11 plasmid pYVO3  
Yersinia enterocolitica W22703 plasmid pYVe227 
Y. pseudotuberculosis 
IP32953 
 
BX936398.1_2_2964849 
Enterobacter asburiae LF7a plasmid pENTAS01 
Escherichia coli E24377A plasmid pETEC_35 
Yersinia enterocolitica plasmid pYV-WA314 
Yersinia enterocolitica plasmid pYVa127/90 
Yersinia enterocolitica Y11 plasmid pYVO3  
Yersinia enterocolitica W22703 plasmid pYVe227 
Y. similis 228 
 
CP007230.1_2_4570273 
Bacillus cereus FRI-35 plasmid p01 
Clostridium botulinum D str. 1873 plasmid pCLG1 
Yersinia enterocolitica 8081 plasmid pYVe8081 
Yersinia enterocolitica Y11 plasmid pYVO3  
Yersinia pestis CO92 plasmid pCD1 
Yersinia pseudotuberculosis IP32953 pYV plasmid 
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I found that the donors to these spacers included pYV virulence plasmids (although they 
were not in the first top hit produced by BLAST; see Appendix D), pYE854 plasmid and 
plasmids from other genus. pYV plasmid is only found in human pathogenic Yersinia 
species and it encodes Ysc-Yop T3SS while pYE854 has been demonstrated to be able to 
mobilize pYV plasmid (Hammerl et al., 2008). I also found that spacers from different 
Yersinia phylogroups might able to target different plasmids. For instance, spacers found 
in Y. frederiksenii and Y. kristensenii, which were from phylogroup-E, could only 
recognize pYE854 plasmid; spacers found in phylogroup-P species could only recognize 
pYV plasmid. To be more precise, spacers present in human pathogenic Y. 
pseudotuberculosis-Y. pestis could only recognize pYV plasmid harboured by Y. 
enterocolitica while spacers present in human non-pathogenic Y. similis could recognize 
pYV plasmid harboured by both Y. enterocolitica and Y. pseudotuberculosis-Y. pestis. 
These observations suggest: 
§ CRISPR-Cas system present in the Y. similis could prevent the gain of pYV 
virulence plasmid harboured by the human pathogenic Y. enterocolitica and Y. 
pseudotuberculosis-Y. pestis by targeting the conserved regions in the pYV 
plasmid. 
§ Human pathogenic Y. pseudotuberculosis-Y. pestis are unlikely to maintain the 
pYV plasmid from Y. enterocolitica as their spacers could recognize and fragment 
the pYV plasmid, if it was transferred laterally to Y. pseudotuberculosis-Y. pestis. 
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CHAPTER 5: RESULTS (PART II): THE SUBSPECIES OF 
YERSINIA ENTEROCOLITICA 
5.1 Properties of Yersinia enterocolitica genomes 
A total of 73 Y. enterocolitica strains were used to study the subspecies of Y. 
enterocolitica. The summary of genome annotation of each strain is tabulated in 
Appendix C. Briefly. The median genome size, guanine-cytosine content and number of 
open reading frames in Y. enterocolitica were 4,594,630, 46.94% and 4,154, respectively. 
5.2 Average nucleotide identity between Yersinia enterocolitica genomes 
To study the genomic similarities between Y. enterocolitica strains, the ANI values of 
each genome pairs were calculated. I found that the lowest ANI value was 95.09%, 
confirming all of the Y. enterocolitica strains used in this study belonged to the same 
species because ANI value exceeded the threshold (95%) to be considered as single 
species (Konstantinidis & Tiedje, 2005). 
5.3 Gene families of Yersinia enterocolitica 
To study the gene families in Y. enterocolitica, the chromosomal protein sequences in all 
strains were clustered into 10,131 gene families based on 25% sequence identity, 50% 
sequence completeness and E-value of 1E-5. Percentage of orthologous, co-orthologous, 
dispensable and strain-specific gene families are shown in Figure 5.1.  
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Figure 5.1: Percentage of orthologous, co-orthologous, dispensable and strain-
specific gene families present in Y. enterocolitica. 
I found that the orthologous and co-orthologous gene families contributed about a quarter 
(28.89%) to the total gene families of Y. enterocolitica. The proportion was still far less 
than combination of dispensable and strain-specific gene families (71.11%). These values 
suggest that the genomes of Y. enterocolitica are likely mosaic and this species might 
consist of heterogeneous collection of strains, showing consistency with a previous report 
(Segerman, 2012). 
5.4 Phylogenetic relationships between Yersinia enterocolitica strains 
5.4.1 Yersinia enterocolitica supermatrix tree 
To infer the phylogenetic relationships between Y. enterocolitica strains, I first 
reconstructed a supermatrix tree based on non-recombinant super-sequence with 
1,138,594 nucleotides present in all strains (Figure 5.2). 
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Figure 5.2: Y. enterocolitica supermatrix tree constructed from non-recombinant 
super-sequences and rooted by Y. kristensenii Y231. Biotype, isolation source and 
country are labelled next to the strain name. Non-pathogenic biotype 1A, low 
pathogenic biotype 2-5 and highly pathogenic biotype 1B are highlighted in cyan, 
yellow and magenta respectively. Non-pathogenic subspecies, low pathogenic 
subspecies and highly pathogenic subspecies are highlighted in cyan, yellow and 
magenta respectively. Ancestors of interest are labelled in violet text. Bootstrap values 
of internal nodes are shown. 
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From the supermatrix tree, I found that all of the Y. enterocolitica strains were resolved 
into three distinct phylogroups: (1) highly pathogenic phylogroups which consists of 
biotype 1B except ATCC 9610, which is non-pathogenic biotype 1A, (2) low pathogenic 
phylogroup which consists of biotypes 2 to 5, (3) non-pathogenic phylogroup which 
consists of biotype 1A. “The most recent ancestor of all Y. enterocolitica strains” 
(Ancestor_Ye) diverged into two: “the most recent ancestor of non-pathogenic Y. 
enterocolitica strain” (Ancestor_Nonpathogenic) and “the most recent ancestor of 
pathogenic Y. enterocolitica strain” (Ancestor_Pathogenic). Ancestor_Pathogenic further 
diverged into low pathogenic and highly pathogenic phylogroups. To ease my 
explanations that followed, I designated Ancestor_LowPathogenic and 
Ancestor_HighPathogenic to be the last common ancestor for low pathogenic and highly 
pathogenic phylogroups respectively. I also found that a higher number of nucleotide 
substitutions had occurred in low pathogenic phylogroup, as indicated by a longer branch 
from its ancestor (Ancestor_LowPathogenic) to Ancestor_Ye. In comparison, the 
respective branches from Ancestor_Nonpathogenic and Ancestor_HighPathogenic to 
Ancestor_Ye were shorter. My data also suggest that there might be three subspecies exist 
in the Y. enterocolitica. 
5.4.2 Yersinia enterocolitica gene content-based phylogenetic tree 
Based on the information of the presence and absence of gene families in each genome, 
a gene content phylogenetic tree was reconstructed to infer the phylogenetic relationship 
of Y. enterocolitica strains in Figure 5.3. 
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Figure 5.3: Y. enterocolitica gene content-based phylogenetic tree constructed 
based on presence and absence of gene family in each genome and rooted by Y. 
kristensenii Y231. The tree exhibits similar phyletic patterns with supermatrix tree. 
Highly pathogenic, low pathogenic and non-pathogenic phylogroups are highlighted in 
magenta, yellow and cyan respectively. 
I found that the Y. enterocolitica gene content phylogenetic tree exhibited similar 
topology with its supermatrix tree, whereby all strains were grouped into highly 
pathogenic, low pathogenic and non-pathogenic biogroups. This suggests that each 
phylogroup has its own unique set of gene families which are not found in the rest. 
5.5 Phylogenetic network and recombination in Yersinia enterocolitica 
To study the recombination events in the Y. enterocolitica, I first reconstructed a 
phylogenetic network to display conflicting phylogenetic signals within Y. enterocolitica 
(Figure 5.4). 
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Figure 5.4: Phylogenetic network of Y. enterocolitica strains constructed using non-
recombinant super-sequences. (a) Phylogenetic network of Y. enterocolitica shows 
conflicting phylogenetic signals between strains and demarcates all strains into three 
phylogroups: highly pathogenic, low pathogenic and non-pathogenic phylogroups, 
which are highlighted by magenta, yellow and cyan respectively. (b) Zoomed 
reticulation of non-pathogenic phylogroup. (c) Zoomed reticulation of highly 
pathogenic phylogroup. (d) Zoomed reticulation of low pathogenic phylogroup. 
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I found that the phylogenetic network clearly exhibited three phylogroups, phyletic 
patterns which were similar to Y. enterocolitica supermatrix tree. These three 
phylogroups, highly pathogenic, low pathogenic and non-pathogenic phylogroups, were 
connected by long edges without much conflicting signals. However, by zooming into 
each phylogroup, I found that there were reticulations appeared near to the tips of the 
phylogenetic network. Thus, reticulation or recombination mainly occurred within strains 
belonged to the same phylogroup, rather than spanned across phylogroups. This suggests 
that the intra-phylogroup recombination is likely to occur more often than the inter-
phylogroup recombination. 
Besides the visual inspections, I also estimated the rate of recombination and mutations 
of all Y. enterocolitica strains and other strains belonged to the same phylogroup to obtain 
statistical support (Table 5.1). 
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Table 5.1: Estimation of the rate of recombination and mutation in three different Y. enterocolitica dataset.  
Dataset 
Rate of recombination 
to mutation 
R/θ 
Mean DNA 
import length 
δ 
Mean divergence 
of imported DNA 
ν 
Ratio of mutation 
to recombination 
M→R 
Relative effect of 
recombination to mutation 
r/m 
All Y. enterocolitica 
strains 0.2971 95.5219 0.0219 3.3659:1 0.6215 
Highly pathogenic 
phylogroup 0.2301 104.2259 0.0820 4.3459:1 1.9666 
Low pathogenic 
phylogroup 0.0682 45.7149 0.2574 14.6628:1 0.8025 
Nonpathogenic 
phylogroup 0.7915 169.5374 0.02316 1.2634:1 3.1078 
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In general, I found that the rate of recombination to mutation was lower than 1 for all four 
datasets, indicating that mutations played a major role in shaping the genome of Y. 
enterocolitica. When all strains were taken into consideration, mutation was estimated to 
have occurred three times more than the recombination. If each phylogroup was analysed 
independently, I found that the low pathogenic phylogroup had the least recombination 
events as indicated by its lowest R/θ and highest MR values (0.0682 and 14.6628:1 
respectively) compared to the highly pathogenic (0.2301 and 4.3459:1 respectively) and 
non-pathogenic phylogroups (0.7915 and 1.2634:1 respectively). On the other hand, the 
non-pathogenic phylogroup had the most recombination events as indicated by its highest 
R/θ and lowest MR values (0.7915 and 1.2634:1 respectively) compared to the other 
two phylogroups. Overall, although mutations tend to be the dominant force in Y. 
enterocolitica, their rates vary among phylogroups. 
5.6 Gene gain-and-loss in Yersinia enterocolitica 
To study the ancestral gene gain-and-loss events before emergence of three Y. 
enterocolitica phylogroups, I had performed gene gain-and-loss analysis. In the following 
subsections, I discussed the acquired and lost genes in hypothetical ancestors of interest, 
which are Ancestor_Ye, Ancestor_Nonpathogenic, Ancestor_Pathogenic, 
Ancestor_HighPathogenic and Ancestor_LowPathogenic (see Figure 5.2). 
5.6.1 Emergence of the most recent ancestor of all Yersinia enterocolitica strains 
(Ancestor_Ye) 
Ancestor_Ye was the most recent ancestor shared by highly pathogenic, low pathogenic 
and non-pathogenic phylogroups. I found that it had gained several virulence genes which 
are important for pathogenesis of human pathogenic Yersinia, such as myfABCEF and 
inv genes (Mikula et al., 2012). This suggests Ancestor_Ye could be pathogenic. 
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On the other hand, Ancestor_Ye had lost CRISPR-Cas system, which is proposed as one 
of the defence mechanisms used by bacteria to resist foreign DNA materials, including 
phage and plasmid (Marraffini & Sontheimer, 2008). However, I found that the system 
was present in Y. kristensenii Y231 and the spacers had sequence similarity to pYE854 
conjugative plasmid, which is able to mobilize pYV virulence plasmid (Hammerl et al., 
2008). Hence, the loss of CRISPR-Cas system in Y. enterocolitica seems important to 
acquire the pYV plasmid. 
5.6.2 Emergence of the most recent ancestor of non-pathogenic Yersinia 
enterocolitica strains (Ancestor_Nonpathogenic) 
Ancestor_Nonpathogenic was the direct descendant of Ancestor_Ye and it led to the 
emergence of non-pathogenic phylogroup. I found that Ancestor_Apathogenic gained D-
serine metabolism genes (dsdACX). A recent study showed that ability to degrade D-
serine could affect the niche selection of different types of Escherichia coli strains and 
enables uropathogenic E. coli to have survival advantage in the urinary tract which has 
abundant D-serine (Connolly et al., 2015). Other genes gained by Ancestor_Apathogenic 
are the L-fucose metabolism genes (fucOAPIKUR). The utilization of L-fucose provides 
competitive advantage and is associated with the virulence lifestyle of Campylobacter 
jejuni, a gastrointestinal pathogen (Choi et al., 2009). Thus, acquisition of dsd and fuc 
loci could open new niches and beneficial for non-pathogenic Y. enterocolitica strains. 
5.6.3 Emergence of the most recent ancestor of pathogenic Yersinia enterocolitica 
strains (Ancestor_Pathogenic) 
Similar with Ancestor_Nonpathogenic, Ancestor_Pathogenic was also the direct ancestor 
of Ancestor_Ye and it led to the emergence of highly pathogenic and low pathogenic 
phylogroups. I found that Ancestor_Pathogenic gained ail, a known virulence factor that 
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is present only in human pathogenic Yersinia (Mikula et al., 2012). The gene is involved 
in adherence and invasion into host cell. Thus, the acquisition of ail might be one of the 
key factors for the pathogenic Y. enterocolitica to arise. 
5.6.4 Emergence of the most recent ancestor of low pathogenic Yersinia 
enterocolitica strains (Ancestor_LowPathogenic) 
One of the direct descendants of Ancestor_Pathogenic was Ancestor_LowPathogenic, 
which led to the emergence of low pathogenic phylogroup. I found that 
Ancestor_LowPathogenic had gained ABC transporter genes for dispersin (aatPABCD). 
Previous study proposed that aat locus was important to the pathogenesis of 
enteroaggregative E. coli (Nishi et al., 2003). Hence, the aat locus might confer virulence 
traits expressed by low pathogenic strains. Ancestor_LowPathogenic also acquired a pair 
of toxin-antitoxin (TA) genes, namely mqsR and mqsA. Both genes were reported to be 
the most highly up-regulated gene in persistent E. coli cells where it regulates other 
physiological genes (Brown et al., 2009). Thus, the mqsR-mqsA TA gene might be 
another important gene for low pathogenic strains to overcome stress from host immune 
system. 
5.6.5 Emergence of the most recent ancestor of highly pathogenic Yersinia 
enterocolitica strains (Ancestor_HighPathogenic) 
Similar to Ancestor_LowPathogenic, Ancestor_HighPathogenic was also the direct 
descendant of Ancestor_Pathogenic, which led to the emergence of highly pathogenic 
phylogroup. I found that Ancestor_HighPathogenic had gained many virulence genes, 
including yts1 locus (encodes Type Two Secretion System [T2SS]), ybt locus 
(yersiniabactin synthesis and transport genes) and ysa locus (chromosomal-encoded 
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T3SS). All of these genes are known to be hallmarks of highly pathogenic Y. 
enterocolitica strains (Foultier et al., 2002; Iwobi et al., 2003; Pelludat et al., 1998). 
On the other hand, another chromosomal-encoded T3SS was lost in 
Ancestor_HighPathogenic. The lost T3SS was different from T3SS encoded in the ysa 
locus. Instead, it was more similar to T3SS encoded by “Salmonella pathogenicity island 
2” of Salmonella typhimurium (Batzilla et al., 2011a). The function of this T3SS is 
unknown in Yersinia, but I hypothesize that the loss of this chromosomal T3SS might be 
in exchange with ysa-T3SS. 
5.6.6 Emergence of non-pathogenic Yersinia enterocolitica ATCC 9610 in the highly 
pathogenic phylogroup 
From the supermatrix tree, I found that ATCC 9610 was the only non-pathogenic Y. 
enterocolitica strain which was grouped together with the highly pathogenic strains such 
as Y. enterocolitica 8081 and WA-314 (Garzetti et al., 2012). Hence, the gene gain-and-
loss events might have played important roles in the evolution of Y. enterocolitica ATCC 
9610. Despite being a non-pathogenic strain (Neubauer et al., 2000), I found that the Y. 
enterocolitica ATCC 9610 strain had only lost chromosome-borne ail, and the pYV 
plasmid-borne yadA and ysc-yop T3SS. The hallmarks of highly pathogenic Y. 
enterocolitica such as ybt, ysa-T3SS and yts1-T2SS were still present in the genome of 
ATCC 9610 (Foultier et al., 2002; Iwobi et al., 2003; Pelludat et al., 1998). These 
observations suggest that the loss of ail and pYV virulence plasmid might be sufficient 
to render the Y. enterocolitica ATCC 9610 to be harmless to human. 
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5.7 inv homologs in Yersinia enterocolitica 
Gene gain-and-loss analysis suggests that Ancestor_Ye had gained inv. I found no inv or 
inv homolog was lost in non-pathogenic Y. enterocolitica strains. To further validate the 
presence of inv or its homolog in these non-pathogenic strains, I performed BLASTP 
searches of the functional inv protein sequence (835 amino acids) of highly pathogenic Y. 
enterocolitica 8081 against all protein sequences of non-pathogenic strains and the results 
are summarized in Table 5.2. 
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Table 5.2: BLASTP outputs showing high identity and high sequence coverage between the functional inv of highly pathogenic Y. 
enterocolitica 8081 and inv homologs of non-pathogenic Y. enterocolitica strains.  
Strain name Subject accession 
Query 
identity 
(%) 
Query 
start 
Query 
end 
Subject 
start 
Subject 
end 
Subject 
length 
Query 
coverage (%) 
Subject 
coverage (%) 
YE46/02 CTKK01000008.1_CDS_30 89.95 1 835 1 836 836 100.00 100.00 
YE69/03 CTRB01000011.1_CDS_105 89.71 1 835 1 836 836 100.00 100.00 
YE04/02 CTKX01000009.1_CDS_31 89.59 1 835 1 836 836 100.00 100.00 
YE205/02 CTIV01000010.1_CDS_106 89.59 1 835 1 836 836 100.00 100.00 
H1527/93 CQCE01000010.1_CDS_35 89.47 1 835 1 836 836 100.00 100.00 
SZ662/97 CGBV01000010.1_CDS_104 89.47 1 835 1 836 836 100.00 100.00 
YE30/03 CTEV01000011.1_CDS_29 89.47 1 835 1 836 836 100.00 100.00 
YE53/03 HF571988.1_CDS_2747 89.47 1 835 1 836 836 100.00 100.00 
YE77/03 CTKV01000013.1_CDS_35 89.47 1 835 1 836 836 100.00 100.00 
IP26014 CQAE01000010.1_CDS_35 89.35 1 835 1 836 836 100.00 100.00 
YE09/03 CTKQ01000009.1_CDS_30 89.35 1 835 1 836 836 100.00 100.00 
YE13/02 CTIZ01000010.1_CDS_30 89.35 1 835 1 836 836 100.00 100.00 
YE221/02 CTIP01000011.1_CDS_40 89.35 1 835 1 836 836 100.00 100.00 
YE227/02 CTJE01000011.1_CDS_106 89.35 1 835 1 836 836 100.00 100.00 
YE38/03 CTKL01000012.1_CDS_35 89.35 1 835 1 836 836 100.00 100.00 
YE208/02 CTIT01000001.1_CDS_35 89.23 1 835 1 836 836 100.00 100.00 
IP26618 CPYU01000011.1_CDS_104 87.93 1 835 1 837 837 100.00 100.00 
YE228/02 CTRG01000012.1_CDS_42 85.68 1 835 1 837 837 100.00 100.00 
ERL073947 CFLA01000002.1_CDS_272 85.56 1 835 1 837 837 100.00 100.00 
ERL053435 CQAJ01000009.1_CDS_35 85.44 1 835 1 837 837 100.00 100.00 
IP27818 CPZF01000009.1_CDS_117 85.32 1 835 1 837 837 100.00 100.00 
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Table 5.2: BLASTP outputs showing high identity and high sequence coverage between the functional inv of highly pathogenic Y. 
enterocolitica 8081 and inv homologs of non-pathogenic Y. enterocolitica strains, continued.  
Strain name Subject accession 
Query 
identity 
(%) 
Query 
start 
Query 
end 
Subject 
start 
Subject 
end 
Subject 
length 
Query 
coverage (%) 
Subject 
coverage (%) 
YE53/30444 CQEI01000015.1_CDS_76 85.32 1 835 1 837 837 100.00 100.00 
YE13/03 CTIU01000016.1_CDS_65 85.20 1 835 1 837 837 100.00 100.00 
YE35/02 CTKN01000013.1_CDS_38 85.20 1 835 1 837 837 100.00 100.00 
ERL08708 CPZT01000013.1_CDS_106 85.19 56 835 1 782 782 93.41 100.00 
ERL053484 CWGL01000008.1_CDS_36 85.08 1 835 1 837 837 100.00 100.00 
YE15/07 CPYS01000013.1_CDS_35 85.08 1 835 1 837 837 100.00 100.00 
YE41/03 CTIN01000009.1_CDS_39 85.08 1 835 1 837 837 100.00 100.00 
NFO CACY01000058.1_CDS_35 84.84 1 835 1 837 837 100.00 100.00 
IP2222 CACZ01000022.1_CDS_109 84.61 1 835 1 837 837 100.00 100.00 
          
Minimum 84.61     782 93.41 100 
Maximum 89.95     837 100 100 
Median 89.29     836 100 100 
 
 
73 
74 
 
From the BLASTP search results, I found that the inv homologs were present in non-
pathogenic Y. enterocolitica strains and had high sequence identity (more than 84%) and 
high sequence coverage (median = 100%) to the protein sequence of functional inv in 
highly pathogenic Y. enterocolitica 8081. Furthermore, the alignments were perfect 
because all of them (except ERL08708) started from first amino acids and ended at last 
amino acids in both query and subject sequences. These observations suggest that the inv 
homologs of non-pathogenic strains might be functionally similar to the known inv gene 
of the pathogenic Y. enterocolitica. 
5.8 Pseudogenized ail virulence gene in non-pathogenic Yersinia enterocolitica 
Based on the reconstruction of gene gain-and-loss, I found that ail virulence gene was 
acquired by Ancestor_Pathogenic, which is shared by both low and highly pathogenic Y. 
enterocolitica phylogroups. To examine whether Y. enterocolitica strains possess 
additional copies of genes homologous to the ail gene, I performed BLASTP and 
TBLASTN searches of the functional ail of highly pathogenic Y. enterocolitica 8081 
against the protein and genome sequences of all Y. enterocolitica strains that I used in this 
study (Table 5.3). 
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Table 5.3: BLASTP outputs showing the presence of ail and ail homologs in Y. 
enterocolitica strains. 
Strain name Subject locus tag 
Query 
sequence 
identity 
(%) 
Query 
sequence 
coverage 
(%) 
Subject 
sequence 
coverage 
(%) 
Non-pathogenic Y. enterocolitica strains 
ERL073947 CFLA01000008.1_CDS_153 36.81 99.44 99.43 
IP2222 CACZ01000021.1_CDS_49 36.81 99.44 99.43 
NFO CACY01000060.1_CDS_52 36.81 99.44 99.43 
ERL08708 CPZT01000006.1_CDS_153 36.81 99.44 99.43 
YE13/03 CTIU01000004.1_CDS_153 36.81 99.44 99.43 
IP26014 CQAE01000006.1_CDS_153 36.81 99.44 99.43 
YE53/30444 CQEI01000020.1_CDS_43 73.68 51.69 96.91 
YE53/30444 CQEI01000007.1_CDS_92 36.81 99.44 99.43 
SZ662/97 CGBV01000002.1_CDS_156 36.81 99.44 99.43 
IP26618 CPYU01000002.1_CDS_156 36.81 99.44 99.43 
YE208/02 CTIT01000001.1_CDS_295 36.81 99.44 99.43 
ERL053435 CQAJ01000008.1_CDS_25 36.81 99.44 99.43 
H1527/93 CQCE01000002.1_CDS_154 36.81 99.44 99.43 
YE53/03 HF571988.1_CDS_3010 36.81 99.44 99.43 
YE30/03 CTEV01000002.1_CDS_153 36.81 99.44 99.43 
YE41/03 CTIN01000007.2_CDS_92 36.81 99.44 99.43 
YE15/07 CPYS01000004.1_CDS_93 36.26 99.44 99.43 
ERL053484 CWGL01000001.1_CDS_461 36.81 99.44 99.43 
YE35/02 CTKN01000008.1_CDS_154 36.81 99.44 99.43 
YE69/03 CTRB01000015.1_CDS_2 36.81 99.44 99.43 
YE77/03 CTKV01000005.1_CDS_154 36.81 99.44 99.43 
IP27818 CPZF01000007.1_CDS_155 36.81 99.44 99.43 
YE46/02 CTKK01000005.1_CDS_153 36.81 99.44 99.43 
YE228/02 CTRG01000007.1_CDS_153 36.81 99.44 99.43 
YE38/03 CTKL01000006.1_CDS_94 36.26 99.44 99.43 
YE04/02 CTKX01000006.1_CDS_155 36.81 99.44 99.43 
YE205/02 CTIV01000009.1_CDS_155 36.81 99.44 99.43 
YE09/03 CTKQ01000006.1_CDS_155 36.81 99.44 99.43 
YE13/02 CTIZ01000006.1_CDS_92 36.81 99.44 99.43 
YE221/02 CTIP01000007.1_CDS_93 36.81 99.44 99.43 
YE227/02 CTJE01000006.1_CDS_155 36.81 99.44 99.43 
Highly pathogenic Y. enterocolitica strains 
E701 CWIY01000070.1_CDS_2 100 99.44 99.44 
E701 CWIY01000013.1_CDS_61 36.81 99.44 99.43 
8081 AM286415.1_CDS_1784 100 99.44 99.44 
8081 AM286415.1_CDS_2785 36.81 99.44 99.43 
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Table 5.3: BLASTP outputs showing the presence of ail and ail homologs in Y. 
enterocolitica strains, continued. 
Strain name Subject locus tag 
Query 
sequence 
identity 
(%) 
Query 
sequence 
coverage 
(%) 
Subject 
sequence 
coverage 
(%) 
ST5081 CWJB01000064.1_CDS_1 98.88 99.44 99.44 
ST5081 CWJB01000020.1_CDS_54 36.81 99.44 99.43 
SC9312-78 CQDJ01000060.1_CDS_7 98.88 99.44 99.44 
SC9312-78 CQDJ01000021.1_CDS_54 36.81 99.44 99.43 
E736 CWIZ01000084.1_CDS_2 98.31 99.44 99.44 
E736 CWIZ01000027.1_CDS_53 36.81 99.44 99.43 
ATCC 9610 KN150735.1_CDS_744 36.81 99.44 99.43 
WA-314 AKKR01000003.1_CDS_1 98.88 99.44 99.44 
WA-314 AKKR01000025.1_CDS_53 36.81 99.44 99.43 
WA CP009367.1_CDS_1224 98.88 99.44 99.44 
WA CP009367.1_CDS_2145 36.81 99.44 99.43 
Y286 CPYO01000058.1_CDS_6 98.88 99.44 99.44 
Y286 CPYO01000017.1_CDS_53 36.81 99.44 99.43 
SZ5108/01 CPZL01000030.1_CDS_52 98.88 99.44 99.44 
SZ5108/01 CPZL01000019.1_CDS_14 36.81 99.44 99.43 
SZ375/04 CGBA01000067.1_CDS_1 98.88 99.44 99.44 
SZ375/04 CGBA01000021.1_CDS_14 36.81 99.44 99.43 
SZ506/04 CQCF01000067.1_CDS_2 98.88 99.44 99.44 
SZ506/04 CQCF01000016.1_CDS_14 36.81 99.44 99.43 
Low pathogenic Y. enterocolitica strains 
IP05342 CPXJ01000095.1_CDS_1 94.38 99.44 99.44 
IP05342 CPXJ01000037.1_CDS_6 36.81 99.44 99.43 
IP00178 CTFT01000107.1_CDS_1 94.38 99.44 99.44 
IP00178 CTFT01000032.1_CDS_47 36.81 99.44 99.43 
IP26042 CGGL01000090.1_CDS_1 89.84 99.44 99.47 
IP26042 CGGL01000002.1_CDS_6 36.81 99.44 99.43 
IP06077 CPYG01000089.1_CDS_1 89.84 99.44 99.47 
IP06077 CPYG01000002.1_CDS_271 36.81 99.44 99.43 
YE3094/96 HF933426.1_CDS_3300 89.84 99.44 99.47 
YE3094/96 HF933426.1_CDS_1670 36.81 99.44 99.43 
YE04/03 CTEQ01000042.1_CDS_2 94.38 99.44 99.44 
YE04/03 CTEQ01000015.1_CDS_97 36.81 99.44 99.43 
YE238/02 CTFS01000048.1_CDS_2 94.38 99.44 99.44 
YE238/02 CTFS01000017.1_CDS_75 36.81 99.44 99.43 
IP20322 CQBQ01000043.1_CDS_2 94.38 99.44 99.44 
IP20322 CQBQ01000003.1_CDS_5 36.81 99.44 99.43 
YE153/02 CTJG01000091.1_CDS_2 94.38 99.44 99.44 
 
77 
 
Table 5.3: BLASTP outputs showing the presence of ail and ail homologs in Y. 
enterocolitica strains, continued. 
Strain name Subject locus tag 
Query 
sequence 
identity 
(%) 
Query 
sequence 
coverage 
(%) 
Subject 
sequence 
coverage 
(%) 
YE153/02 CTJG01000013.1_CDS_5 36.81 99.44 99.43 
IP26249 CGBR01000041.1_CDS_30 94.38 99.44 99.44 
IP26249 CGBR01000001.1_CDS_5 36.81 99.44 99.43 
YE149/02 HF933424.1_CDS_3570 94.38 99.44 99.44 
YE149/02 HF933424.1_CDS_1965 36.81 99.44 99.43 
YE213/02 CTEZ01000116.1_CDS_2 94.38 99.44 99.44 
YE213/02 CTEZ01000008.1_CDS_98 36.81 99.44 99.43 
Y11 FR729477.2_CDS_21 94.38 99.44 99.44 
Y11 FR729477.2_CDS_1664 36.81 99.44 99.43 
IP26656 CGBC01000085.1_CDS_2 94.38 99.44 99.44 
IP26656 CGBC01000009.1_CDS_99 36.81 99.44 99.43 
PhRBD_Ye1 AGQO01000064.1_CDS_2 94.38 99.44 99.44 
PhRBD_Ye1 AGQO01000009.1_CDS_5 36.81 99.44 99.43 
YE12/03 HF933425.1_CDS_2913 94.38 99.44 99.44 
YE12/03 HF933425.1_CDS_1332 36.81 99.44 99.43 
YE07/03 CTKR01000077.1_CDS_2 94.38 99.44 99.44 
YE07/03 CTKR01000005.1_CDS_90 36.81 99.44 99.43 
IP 10393 CAOV01000002.1_CDS_227 94.38 99.44 99.44 
IP 10393 CAOV01000008.1_CDS_997 36.81 99.44 99.43 
105.5R(r) CP002246.1_CDS_3069 94.38 99.44 99.44 
105.5R(r) CP002246.1_CDS_1473 36.81 99.44 99.43 
Y127 CWIU01000059.1_CDS_2 94.38 99.44 99.44 
Y127 CWIU01000003.1_CDS_5 36.81 99.44 99.43 
YE74/03 CWGM01000018.1_CDS_20 94.38 99.44 99.44 
YE74/03 CWGM01000001.1_CDS_197 36.81 99.44 99.43 
YE237/02 CTQV01000054.1_CDS_20 94.38 99.44 99.44 
YE237/02 CTQV01000003.1_CDS_96 36.81 99.44 99.43 
YE214/02 CTRD01000055.1_CDS_2 94.38 99.44 99.44 
YE214/02 CTRD01000003.1_CDS_78 36.81 99.44 99.43 
YE212/02 HF933206.1_CDS_1087 94.38 99.44 99.44 
YE212/02 HF933206.1_CDS_2491 36.81 99.44 99.43 
YE218/02 CTKS01000059.1_CDS_20 94.38 99.44 99.44 
YE218/02 CTKS01000002.1_CDS_78 36.81 99.44 99.43 
YE56/03 HF933423.1_CDS_1743 94.38 99.44 99.44 
YE56/03 HF933423.1_CDS_3295 36.81 99.44 99.43 
IP21447 CTFQ01000053.1_CDS_20 94.38 99.44 99.44 
IP21447 CTFQ01000001.1_CDS_197 36.81 99.44 99.43 
YE119/02 CTIM01000056.1_CDS_20 94.38 99.44 99.44 
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Table 5.3: BLASTP outputs showing the presence of ail and ail homologs in Y. 
enterocolitica strains, continued. 
Strain name Subject locus tag 
Query 
sequence 
identity 
(%) 
Query 
sequence 
coverage 
(%) 
Subject 
sequence 
coverage 
(%) 
YE119/02 CTIM01000003.1_CDS_98 36.81 99.44 99.43 
1127 CPWQ01000113.1_CDS_1 94.38 99.44 99.44 
1127 CPWQ01000005.1_CDS_93 94.38 99.44 99.44 
1127 CPWQ01000003.1_CDS_96 36.81 99.44 99.43 
2/C/53NMD7 CPWH01000103.1_CDS_2 94.38 99.44 99.44 
2/C/53NMD7 CPWH01000074.1_CDS_7 36.81 99.44 99.43 
YE11/03 CTJL01000066.1_CDS_2 94.38 99.44 99.44 
YE11/03 CTJL01000001.1_CDS_96 36.81 99.44 99.43 
 
From the BLASTP outputs, I found that every Y. enterocolitica strain had an ail homolog 
which was approximately 35% identical to functional ail. This suggests that the homolog 
is belonged to core gene family. Within highly pathogenic phylogroup, Y. enterocolitica 
ATCC 9610 (in red bold text) was the only strain which only had one ail homolog, 
suggesting the functional ail was lost. Such atypical observation was also present in non-
pathogenic phylogroup, where I found that Y. enterocolitica YE53/30444 (in blue bold 
text) was the only strain which had two ail homologs while the rest non-pathogenic strains 
only had one. One of the homologs was 36.81% identical to functional ail, but another 
one was 73.68% identical to functional ail. To get more detailed understanding, I had also 
performed TBLASTN search against Y. enterocolitica genomes. The TBLASTN outputs 
are tabulated in Table 5.4, after discarding hits which also present in BLASTP outputs 
(see Table 5.3) unless the hit was overlapping with another hit within the same genome.  
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Table 5.4: TBLASTN outputs showing where the functional ail of Y. enterocolitica 
8081 was used as query to search genomes of Y. enterocolitica. Hits which also 
present in BLASTP output (see Table 5.3) were discarded unless the hit was overlapped 
with another hit within the same genome. 
Strain Subject accession 
Identity 
(%) 
Query 
start 
position 
Query 
end 
position 
Subject 
start 
position 
Subject 
end 
position 
E-
value 
YE53/30444 CQEI01000020.1 79.07 93 178 47486 47743 2.00E-64 
YE53/30444 CQEI01000020.1 73.68 1 93 47205 47489 2.00E-64 
 
From the TBLASTN outputs, I found that only Y. enterocolitica YE53/30444 was left 
after filtering. I also found that the two hits were overlapping each other. For instance, in 
the first row, the hit started at position 47,486 while the hit at second row ended at position 
47,489; there was an overlap for four nucleotides. By referring to a previous study which 
proposed methodology to identity bacterial pseudogene (Lerat & Ochman, 2004), the 
overlapping region could be an evidence of pseudogenization of ail in YE53/30444. A 
more detailed explanation is illustrated in Figure 5.5. 
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Figure 5.5: (a) TBLASTN mapped regions in the Y. enterocolitica YE53/30444 
genomes were merged and translated into amino acids sequence. The two mapped 
regions were underlined by red and green colour, respectively. Overlapped region 
of the two hits is highlighted in orange while the stop codon adjacent to the region 
is highlighted in yellow. (b) TBLASTN mapped regions in the YE53/30444 
genomes were merged and aligned with functional ail sequence of highly 
pathogenic Y. enterocolitica 8081. Codons adjacent to gap are highlighted in 
alternate blue-white and green-white colours. Premature stop codon is highlighted 
in yellow and putative frameshift mutation which adjacent to the stop codon is 
highlighted in red. 
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I found that there were several insertions/deletions in the alignments (Figure 5.5b). For 
instance, the insertions/deletions at the second row were triplets, indicating that they do 
not disrupt reading frames and are unlikely to affect the protein functions. However, there 
was a single gap (highlighted in red) at the fifth row of the alignments. In an uninterrupted 
reading frames, blue codon of ail should align with white codon of the subject (i.e. 
YE53/30444), and white codon of ail should align with green codon of the subject. I 
found that soon after the gap, blue codon was able to align partially with white codon, 
indicating that the gap was a single insertion/deletion and it likely to disrupt the reading 
frames. I also found a premature stop codon (highlighted in yellow) just after the gap. 
Taken all of the observations together, I suggest that the functional ail has been 
pseudogenized in Y. enterocolitica YE53/30444.  
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CHAPTER 6: RESULTS (PART III): YERSINIABASE 
6.1 Overview and functionalities 
YersiniaBase, which can be accessed at http://yersinia.um.edu.my, is a specialized 
platform designed to store genomic information of Yersinia strains and allow comparative 
analyses using online bioinformatics tools incorporated in the platform. All of the 
genomic features were stored into four different tables in MySQL relational database 
version 14.12 (http://www.mysql.com). Attributes of each table are tabulated in Table 6.1. 
Table 6.1: Attributes of tables used to store genomic features of Yersinia strains in 
MySQL relational database. 
Table name Attributes 
Species Species name 
Strain 
Strain name 
Genome assembly status 
Genome size 
Number of contig 
Number of ORF 
Number of tRNA 
Number of rRNA 
Guanine-cytosine percentage 
Feature 
Type of ORF 
ORF start and stop positions 
Length of nucleotide sequence 
Length of amino acid sequence 
Sense (positive or negative strand) 
Function of ORF 
Subsystem 
Subcellular localization 
Hydrophobicity (pH) 
Molecular weight (Da) 
Sequence Nucleotide sequence Amino acid sequence 
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On entering the home page of YersiniaBase (Figure 6.1), visitors can view the news & 
conferences, blogs & information and the most recent published papers which are related 
to Yersinia. The “Browse” menu allows the visitors to view the list of Yersinia species 
currently available in YersiniaBase, with each “View Strains” button leading the visitors 
to the “Browse Strains” page, displaying all available strains of that respective species. 
In the “Browse Strains” page a general description of that particular species is given along 
with a table listing the strains of that species. Each strain is linked to their corresponding 
taxonomic classification page in NCBI and also to their page in Genome Online Database 
(GOLD) (Bernal et al., 2001). Furthermore, by clicking on the “Details” icon, visitors can 
obtain more comprehensive information of that particular strain such as their source and 
time of isolation, which we retrieved from NCBI, along with the list of ORFs, their 
respective function, start and stop positions in a tabular fashion in the “Browse ORF” 
page. Apart from that, each ORF is linked to its corresponding UniProt page along with 
their ORF ID being linked to its corresponding page in NCBI. By clicking on the Contig 
ID of each ORF, the corresponding contig information available in NCBI can be accessed. 
The Details button of each ORF leads the visitor to the “ORF Detail” page displaying the 
detailed information of that ORF such their type, start and stop positions, lengths of 
nucleotide as well as amino acid sequences. It further provides information on functional 
classification, subsystem (if available), strand, subcellular localization, hydrophobicity 
(pH) and molecular weight (Da). The page also displays the amino acid and the nucleotide 
sequence of the ORF along with the Genome Browser. The “Genome Browser” menu 
links user to JBrowse in YersiniaBase. JBrowse allows users to view the position of each 
ORF at each genome graphically (Skinner et al., 2009). 
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Figure 6.1: Home page of YersiniaBase which can be accessed at 
http://yersinia.um.edu.my. 
I also integrated in-house tools and as well as other tools into YersiniaBase to add 
functionalities to this Yersinia research platform. The “Tools” menu allows user to 
perform a BLAST search against the Yersinia strains curated in YersiniaBase, as well as 
an exclusive BLAST search against the VFDB (Chen et al., 2012; Chen et al., 2005; Yang 
et al., 2008). Besides the BLAST search, users can also perform pairwise alignment of 
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any two Yersinia genomes present in YersiniaBase of their choice by using the PGC, draw 
a heat map of the virulence genes profiles by using the PathoProT or construct 
phylogenetic tree by using YersiniaTree. 
“Search” menu allows user to search the functional classification of a specific species and 
strain by providing keyword or ORF ID. Besides performing searching, user can also 
download the genome sequence, ORF annotation details in table format, ORF sequence, 
ribonucleic acid (RNA) and coding sequence (CDS) through “Download” menu. The 
overview of the functionalities of YersiniaBase is shown in Figure 6.2 . 
 
Figure 6.2: Overall functionalities of YersiniaBase. 
6.2 Browsing genomic data in YersiniaBase 
As all of the genomic data were linked to each other through relational relationships, 
YersiniaBase allows user to browse them level by level (Figure 6.3). 
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Figure 6.3: (a) Browsing list of species in YersiniaBase (b) Browsing list of strain of 
selected species (c) Browsing list of genes of selected strain (d) Browsing detailed 
information of a selected gene. 
The browse page of YersiniaBase summarizes list of Yersinia species and their respective 
number of draft and complete genomes. The “View Strains” button on the right of each 
species leads the user to a list of strains of the chosen species. In the table, the information 
available to the user are strain status (draft genome or complete genome), genome size in 
mega base pair (Mbp), percentage of guanine-cytosine content (%), number of contigs, 
number of predicted CDS, number of predicted tRNA and number of predicted rRNA. 
On the right of each strain, the user can find a small icon, which provides a hyperlink 
enabling the user to find a list of predicted ORFs of the selected strain. From there, the 
user can see the ORF type (CDS or RNA), functional classification, contig, start position 
and stop position associated with each predicted ORF of the strain. The small icon on the 
right of each ORF brings the user to another page which allows them to see additional 
information of the predicted ORF besides that described above, which includes nucleotide 
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length (bp) and the sequence, predicted polypeptide length (amino acids) and the direction 
of transcription, subcellular localization, hydrophobicity (pH), molecular weight (Da) and 
SEED subsystem. The page is also equipped with JBrowse a fast and modern JavaScript-
based genome browser which will enable the user to navigate genome annotations and 
visualize the location of the ORF of the selected Yersinia strain (Skinner et al., 2009). On 
the top of the page, the user can find a “Download” button to download annotation details, 
amino acid sequence and nucleotide sequence of the predicted ORF. 
6.3 Real-time searching in YersiniaBase 
As YersiniaBase stores more than one million genes and coding sequences related to 
Yersinia, it would impractical to search for the required information page by page as this 
will greatly slow down the progress. In order to counter this problem, I implemented a 
real-time search engine using AJAX in YersiniaBase. The real-time search engine was 
designed in such a way that the communications between web interface and MySQL 
database in asynchronous; refreshing of web page in unneeded to display the list of 
suggested functional classifications that match the entered keyword. The real-time search 
engine can be found in home page and is illustrated in Figure 6.4. 
 
Figure 6.4: Real-time search engine in YersiniaBase which speeds up the process of 
searching for a specific gene. 
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In the real-time searching box, as soon as user enters one keyword, the real-time search 
engine will retrieve a list of functional classifications that contains the keyword entered 
by the user and display to the user seamlessly. For example, to search for gyrase related 
genes, by just typing “gyr”, the system will list down all of the gene names which have 
“gyr”. After users clicking on, for example, “DNA gyrase subunit A (EC 5.99.1.3)”, they 
will be presented with a list of strains which have the gene of interest. 
6.4 Pairwise Genome Comparison tool for genome wide comparison 
To understand Yersinia genus, further study is required not only for the pathogenic strains 
but also non-pathogenic strains to gain a clear understanding of their biology. To have a 
clear idea of Yersinia genetics, an extended view of the gene pool and genomic 
information from a single Yersinia genome is unlikely to be sufficient. For detailed 
insights into the variations between different Yersinia strains at the genetic level, the 
evolutionary changes among Yersinia species, as well as the genes that give each strain 
its unique characteristics, especially the potential regions associated with pathogenicity, 
a comparative study of multiple Yersinia genomes is required. With that in mind, Pairwise 
Genome Comparison (PGC) tool is developed and incorporated into YersiniaBase. 
PGC allows user to compare two Yersinia genomes of interest and displays the alignment 
in a circular layout. On entering the web interface of PGC in YersiniaBase, users can 
choose two Yersinia genomes of interest from the list for comparison. Alternatively, users 
can upload their Yersinia genome sequence for comparison with the Yersinia genomes 
available in YersiniaBase. There are three parameters which can be manually defined by 
users, including minimum percentage of identity, merge threshold (base pair) and link 
threshold (base pair). “Link” is the region where query genome maps to reference genome 
and is shown if the mapped region is higher than the value set in “link threshold”. “Merge” 
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is the merging of two “links” which are separated by gap, into one wider “link”. Two 
“links” are merged if the gap between them is shorter than the “merge threshold”. An 
example is illustrated in Figure 6.5. 
 
Figure 6.5: The effects of different parameters set in PGC tool. (a) Green and blue 
links are displayed as the mapped region, because the mapped region is higher than the 
link threshold, while the gap is present between green and blue link because the gap is 
wider than the value of merge threshold (0 Kbp in this case). (b) Since the gap (1 Kbp) 
is smaller than 2 Kbp (merge threshold in this case), the green and blue links beside the 
gap are merged into a wider link of 8Kbp (2 Kbp Green Link + 1 Kbp Gap + 5 Kbp Blue 
link). 
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In the PGC pipeline, two Yersinia sequences of interest are aligned using NUCmer, and 
the alignment results are parsed to Circos, which then generates circular layout to show 
the pairwise relationships between the two Yersinia sequences, with karyotypes and links 
encoding the position, size and orientation of the related genomic elements. (Delcher et 
al., 2002; Krzywinski et al., 2009). Perl scripts are used to automate the multi-step process 
of this pipeline. The results generated by PGC, which include NUCmer alignment and 
Circos diagram can be downloaded in PGC result page. Figure 6.6 illustrates the work 
flow of PGC tool, describe the integration of both MUMmer and Circos, generating the 
required input files for the PGC to function. 
91 
 
 
Figure 6.6: Description of processes taken in PGC pipeline after user submits the 
job to the server. 
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At the time of writing this thesis, a similar tool named Circoletto already exists, which 
aligns two genomes by using BLAST (Darzentas, 2010), however PGC aligns two 
genomes by using NUCmer package in MUMmer 3.0 (Delcher et al., 2002). In 
comparison, the latter is more favourable and more suitable for whole-genome 
comparison as NUCmer uses global alignment which is more suitable for large-scale and 
rapid pairwise alignment between two large genomes while Circoletto uses BLAST, a 
local alignment program (Delcher et al., 2002). PGC provides a user-friendly interface 
and requires no prior programming knowledge. PGC allows the user to adjust parameters 
such as minimum percent genome identity (%), merging of links/ribbons according to 
merge threshold and also the removal of links according to the user-defined link threshold 
through the provided online form. An example to show usage of PGC in Yersinia analysis 
is illustrated in Figure 6.7. 
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Figure 6.7: Pairwise Genome Comparison (PGC) tool aligned genomes between Y. 
enterocolitica 8081 and Y11, and showing region of yersiniabactin gene cluster in 
8081 was not mapped by Y11. 
The above example shows that PGC tool is useful in finding genomic differences between 
two Yersinia strains. The region of the operon for yersiniabactin in Y. enterocolitica 8081 
is circled in red. From the figure generated by PGC, I found that Y. enterocolitica Y11 
did not have region mapped to the region encoding yersiniabactin in 8081. It has been 
known that Y. enterocolitica Y11 is a low pathogenic strain and does not have 
yersiniabactin gene cluster (Pelludat et al., 1998). 
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6.5 Pathogenomics Profiling Tool for comparative virulence gene analysis 
Pathogenesis is due to the presence of virulence genes in bacteria, which is responsible 
for causing disease in the host (Peterson, 1996). With the availability of genome 
sequences of different Yersinia species, it is essential to do comparative analyses of the 
virulence genes in Yersinia pathogen genomes to identify new potential virulence markers 
and to provide new insights into pathogenicity of this genus. In order to identify potential 
virulence genes in the Yersinia strains and to facilitate comparative analyses between 
different Yersinia strains, I have developed Pathogenomics Profiling Tool (PathoProT), a 
unique comparative virulence gene analysis tool implemented in YersiniaBase to help 
users to study pathogenicity of different species of Yersinia. It was designed using Perl 
and R scripts, where Perl handles the initial processes while R is used to generate the heat 
map. Users are allowed to select a list of Yersinia strains for comparative analysis and set 
the cut-off for sequence identity and completeness through online form in the PathoProT 
main page. PathoProT predicts virulence genes based on sequence homology of all 
protein sequences of user selected strains against VFDB using BLASTP (Altschul et al., 
1990; Chen et al., 2012; Chen et al., 2005; Yang et al., 2008).  
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In the PathoProT pipeline, BLASTP search is performed with the default parameters of 
50% sequence identity and 50% sequence completeness to identify homologs of these 
known virulence genes in the Yersinia genomes present in YersiniaBase. However, users 
can change these default parameters for the BLASTP search depending on their desired 
levels of stringency. In-house developed Perl script filters the results generated from 
BLASTP search against VFDB based on user-defined cut-off values for sequence identity 
and completeness to identify the virulence genes and selects only the user desired strains. 
The filtered results are then used to tabulate data matrix which is strains versus virulence 
genes. This is followed by executing R scripts to read data matrix and generate heat map 
to visualize virulence gene profiles. Figure 6.8 illustrates the flow chart of PathoProT, 
briefly describing the pipeline which integrates both Perl script and R script, and the 
processes before generating the output file. 
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Figure 6.8: Description of processes taken in PathoProT pipeline after user 
submits the job to the server. 
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The use of heat map enables users to view the result in graphical representation, allowing 
comparative analyses of virulence genes among different Yersinia strains. An example to 
show usage of PathoProT is illustrated in Figure 6.9. 
 
Figure 6.9: Example heat map generated by PathoProT showing presence and 
absence of virulence genes in six Y. enterocolitica strains. Yersiniabactin gene cluster 
was only present in highly pathogenic strain, ail was present in both highly pathogenic 
and low pathogenic strain while inv was present in all strains. 
Figure 6.9 shows how PathoProtT can be used in comparative virulence gene analysis. 
Besides having pYV virulence plasmid, highly pathogenic Y. enterocolitica strains carry 
yersiniabactin genes (Pelludat et al., 1998). From the heat map, I found that yersiniabactin 
gene cluster was only present in highly pathogenic Y. enterocolitica strains, showing 
consistency with previous study (Pelludat et al., 1998). I also found that ail was present 
in both low pathogenic and highly pathogenic strains, while inv was present in all strains, 
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showing consistency in my results described above (see CHAPTER 5:RESULTS (PART 
II): THE SUBSPECIES OF YERSINIA ENTEROCOLITICA). Such graphical 
representation makes it easier and quicker for user to identify certain virulence genes in 
the selected strains. 
6.6 YersiniaTree to construct Yersinia phylogenetic tree  
YersiniaTree is an automated pipeline written in Perl and enables users to generate 
phylogenetic tree of Yersinia strains based on their housekeeping genes and 16S rRNA. 
YersiniaTree primarily requires two inputs from user: gene marker used to construct the 
phylogenetic tree and list of genomes in YersiniaBase which to be included in the tree. 
The automated pipeline also offers an optional feature where the users can input their 
nucleotide sequence in FASTA format along with the sequences which are retrieved from 
the database. Currently, YersiniaTree allows users to choose from one out of five gene 
markers, which are 16S rRNA and four housekeeping genes, including gyrB, hsp60, rpoB 
and sodA for the construction of phylogenetic tree. Previous studies have shown that 
phylogenetic trees based on these four housekeeping genes are more consistent with the 
biochemical profiles of Yersinia species (Merhej et al., 2008a; Stenkova et al., 2012). 
After user provides all of the necessary inputs, the front end PHP executes the backend 
Perl pipeline. The first step of the automated pipeline is to select target gene’s nucleotide 
sequence of genomes chosen by user from FASTA file where complete listings of 
sequences are stored, into a temporary FASTA file. The Perl script then executes MAFFT, 
which is used to perform multiple sequence alignment across nucleotide sequences 
(Katoh & Standley, 2013). Next, the output file form MAFFT is sent to FastTree to 
construct phylogenetic tree in newick format, followed by visualizing of the tree using 
Newick Utilities (Junier & Zdobnov, 2010; Price et al., 2010). Finally, Perl script sends 
out the final image to PHP to display the phylogenetic tree in web browser. 
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6.7 Sequence-based searches 
Besides new bioinformatics tools, I have also integrated BLAST and VFDB-BLAST into 
YersiniaBase. This allows users to perform similarity search of their query sequences 
against Yersinia genome sequences, gene sequences and virulence genes using BLAST. 
This specialized dataset for Yersinia enables faster searching against Yersinia sequences 
compared to NCBI NT or NR database when users are trying to find the closest Yersinia 
strains to their own sequences.  
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CHAPTER 7: DISCUSSION 
7.1 Evolution of human pathogenic Yersinia species 
The most recent and promising evolutionary study which elucidates the evolution of 
human pathogenic Y. enterocolitica and Y. pseudotuberculosis-Y. pestis was performed 
by Reuter et al. (2014), which hypothesized that ecological speciation caused Yersinia 
species to evolve in parallel. However, prokaryotic evolution can be affected by many 
factors such as ecological specialization, gene gain-and-loss, gene duplication and lateral 
gene transfer (Jensen, 2001; Lassalle et al., 2015; Ochman et al., 2000; Ravenhall et al., 
2015). In this study, I have successfully performed a series of analyses including 
phylogenetic tree analysis, gene gain-and-loss analysis, recombination testing, CRISPR 
analysis and the virulence gene homolog analysis, which have given better and more 
comprehensive insights into the evolution of human pathogenic Yersinia species. I found 
that the evolution of human pathogenic Yersinia was a multifactorial process, instead of 
solely resulting from ecological specialization as proposed by Reuter et al. (2014). 
Firstly, an accurate and robust phylogenetic tree is important to infer the phylogenetic 
relationships between the Yersinia species. Hence, I have chosen to construct a 
supermatrix tree based on non-recombinant super-sequence which is free of 
recombination. This is because recombinant genes can overwrite the history of vertically-
transferred orthologs, and distort the topology of phylogenetic trees, making them 
unreliable (Fraser et al., 2007). In my approach, I used super-sequences, which 
concatenated alignments of multiple genes to reconstruct the phylogenetic trees. This 
approach can provide more phylogenetic signals to construct robust phylogenetic tree 
compared to the single gene approach (e.g. 16S rRNA) (de Queiroz & Gatesy, 2007). 
Using the supermatrix tree approach, I showed that Y. enterocolitica is distantly related 
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to Y. pseudotuberculosis-Y. pestis, and they likely evolved from different non-pathogenic 
populations. Moreover, as the Yersinia supermatrix tree was rooted in this study, it could 
provide more information compared to the previous studies, and is useful to trace the 
acquired and lost genes in ancestors before the emergence of human pathogenic Yersinia 
(Csuros, 2010).   
Based on the gene gain-and-loss analysis, LCAHPY, which was the last common ancestor 
shared by human pathogenic Y. enterocolitica and Y. pseudotuberculosis-Y. pestis, 
seemed to have an environmental origin which might have adapted to live in the human 
gastrointestinal tract. For instance, the presence of iolABCDEG (myo-inositol 
degradation genes) and pgaABCD (poly-beta-1,6-N-acetyl-D-glucosamine synthesis and 
transport genes) could allow it to survive in soil and vegetables, whereas the acquisition 
of the ureABCEFGD (urease genes) could allow it to survive inside the human 
gastrointestinal tract if the host had consumed vegetables contaminated by LCAHPY. The 
adaptation to human gastrointestinal tracts could be an important milestone to give rise to 
new Yersinia lineages because the gastrointestinal tracts might provide a wide range of 
metabolic compounds and niches that can be  readily exploited and invaded by the 
LCAHPY (Rohmer et al., 2011). For instance, if certain subpopulations of LCAHPY had 
acquired new metabolic capabilities through lateral gene transfer, they might have 
selective advantage in a particular niche compared to the other subpopulations. This 
further yielded nascent populations (or lineages) in new niches (Pal et al., 2005; Rohmer 
et al., 2011; Wiedenbeck & Cohan, 2011). My analyses clearly showed that both 
phylogroup-P and phylogroup-E species diverged from LCAHPY and had acquired new 
putative metabolism genes which likely utilize different nutrients in the human body. 
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Besides that, I found that phylogroup-E species had acquired new genes to utilize 
tetrathionate, 1-2-propanediol and hydrogen which are present in gastrointestinal tract. 
Previous studies showed that these genes allow Salmonella to outcompete other enteric 
bacteria and increase their fitness (Bobik et al., 1999; Maier et al., 2004; Price-Carter et 
al., 2001). This suggests that the phylogroup-E species especially the enteropathogenic Y. 
enterocolitica might have been successful in invading new niches inside human 
gastrointestinal tract compared to their ancestor and phylogroup-P. Thus, the phylogroup-
E species could be viewed as a successful gastrointestinal colonizer that might have been 
transformed from an environmental species. On the other hand, the phylogroup-P species 
seemed to have expanded their ecological niche to macrophages, a view supported by the 
acquisition of putative genes such as ter and rip loci, and the loss of two bcs loci involved 
in cellulose biosynthesis. Such gained and lost genes were believed to have contributed 
to increased virulence inside the macrophages (Ponnusamy & Clinkenbeard, 2015; 
Ponnusamy et al., 2011; Pontes et al., 2015; Sasikaran et al., 2014). With the acquisition 
of these key genes, the phylogroup-P species might have acquired the capability to occupy 
the macrophage, a different body location compared to its predecessor (LCAHPY) and 
the phylogroup-E species which adapted well to the intestinal tracts (as suggested by my 
analyses). In such case, the adaptation to different body parts or locations could be a better 
and more efficient strategy to divide nutrients between the phylogroup-E and phylogroup-
P. Therefore, I propose that the acquisition of different sets of metabolism genes by the 
phylogroup-P and phylogroup-E species is very important because of the following 
reasons: (1) it would ensure that one phylogroup decreases its ability to invade the niches 
of the other phylogroup and to compete for the same resources, thus allowing the 
phylogroups to evolve independently of each other (Lassalle et al., 2015); and (2) it could 
make one population to be less susceptible to the selection of another population, allowing 
beneficial mutations to be accumulated within its own population (Cohan, 2001). 
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Although both phylogroup-P and phylogroup-E seemed to have adapted to their 
respective niches and might have formed stable ecotypes, there is a possibility that 
recombination and lateral gene transfer can occur between both phylogroups. This is 
because gene loci that have neutral effects and do not deteriorate fitness of bacteria in 
their respective niches are known to be susceptible to recombination and maintained in 
the recipient genome (Lassalle et al., 2015). If the interspecies recombination in Yersinia 
is extensive, the process may remove the nucleotide variations resulted from mutations, 
and prevent genomic-wide divergence. When such scenario happens, one would find 
Yersinia to be a fuzzy species, whereby given a Yersinia species A, it would contain 
sequences from another Yersinia species B or C (Corander et al., 2012). This would 
probably further halt speciation and divergence of the three Yersinia phylogroups. 
Fortunately, in the estimation of rate of recombination to mutation, I found that mutation 
played a more dominant role over recombination to introduce genomic variations in 
Yersinia. On the other hand, to ensure a clear separation between phylogroup-P and 
phylogroup-E, newly acquired metabolism genes must be maintained within the 
respective phylogroup and not transferred to another phylogroup (for example, by lateral 
gene transfer) (Pal et al., 2005). If the unique metabolism genes from phylogroup-P are 
transferred laterally to phylogroup-E and vice versa, then one would find no distinct 
ecotype or niche between them as the two phylogroups would have adapted to each 
other’s niches (Wiedenbeck & Cohan, 2011). My analyses showed that the gene content 
based phylogenetic tree exhibited highly similar phyletic patterns to the supermatrix tree, 
suggesting that lateral gene transfer might not be extensive between the two phylogroups 
and they maintain distinguishable gene content from each other (Snel et al., 1999). In 
short, I found that the rate of gene flow between phylogroup-P and phylogroup-E was 
likely low and that mutation likely played a major role in causing elevated nucleotide 
divergence in these Yersinia phylogroups. Therefore, sexual mating between these 
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phylogroups would be reduced as divergent sequences form the barrier to the process 
(Majewski et al., 2000). 
7.2 Non-parallel evolution of human pathogenic Yersinia 
Up to this point, I have explained how Yersinia phylogroups could evolve independently 
to each other by adapting to different niches. However, the ecological speciation process 
neither fully explains nor justifies the transformation of these ancestral species into 
present-day pathogenic species. Therefore, I hypothesize that there may be a series of 
events that have led to the emergence of human pathogenic Yersinia species, which could 
not just be explained by the independent evolution. 
Contradicting to a recent study which hypothesized that human pathogenic Yersinia had 
evolved in parallel (Reuter et al., 2014), I found that the virulence ail gene was likely 
acquired through gene duplication and lateral gene transfer but not in parallel. Analyses 
on the ail homologs present in Yersinia species showed that the phylogroup-P pathogenic 
species had multiple copies of ail homolog, which might be duplicated in the genome of 
Ancestor_Yps (the last common ancestor of all Y. pseudotuberculosis-Y. pestis strains) 
after the divergence from the human non-pathogenic Y. similis. After the gene duplication, 
there could be redundant copies of the same gene which perform the same physiological 
role in Ancestor_Yps, rendering one (or some) of the duplicated genes to have weaker 
purifying selection and experienced multiple mutations (Kondrashov et al., 2002). As 
these paralogs were homologous to present-day ail, one could assume that they were also 
outer membrane proteins which might be able to interact with mammalian cell receptors. 
Thus, beneficial mutations that took place in one of the paralogs might increase the 
efficiency to bind and interact with host cell, while the rest of the genes could still perform 
the same physiological role as before. As a result, neofunctionalization of paralog might 
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have happened and facilitated the emergence of ail. These arguments show consistency 
with a previous study which found that most of the duplicated genes were membrane and 
secretion genes (Kondrashov et al., 2002). 
One interesting biological question is how did pathogenic Y. enterocolitica acquire the 
ail gene? My data showed that there were one functional ail and one ail homolog in the 
Y. enterocolitica and Y. pseudotuberculosis-Y. pestis. If the Y. enterocolitica had acquired 
ail independently from the Y. pseudotuberculosis-Y. pestis, its ail gene should have higher 
sequence identity to its own ail homolog compared to the homologs from other Yersinia 
species. However, I found that the ail gene of Y. enterocolitica showed highest sequence 
identity to the ail and the ail homologs of Y. pseudotuberculosis (as a reference of 
phylogroup-P) instead of to its own homologs. This suggests that the phylogroup-P 
species might be the donor of the ail virulence gene to Y. enterocolitica, for example, 
through lateral gene transfer event.  
Besides the ail gene, I also studied the evolution of another virulence gene, inv. My 
analyses suggest that inv homologs were likely inherited from LCAHPY. The inv 
homolog of LCAHPY was probably not related to virulence because there were no reports 
that descendants of LCAHPY (except human pathogenic Y. enterocolitica and Y. 
pseudotuberculosis-Y. pestis) which inherited the LCAHPY’s inv homolog, are able to 
use their inv homologs to invade human cell lining. Thus, transformation of non-
virulence-related inv homolog into functional inv that is involved in pathogenesis might 
have resulted from adaptive mutations leading to functional change in the ancestral inv 
homolog. This hypothesis is made on the basis that a recent report has found the 
relationships between adaptive mutations and virulence in Salmonella (Chattopadhyay et 
al., 2012). Recombination analysis showed that probability of recombination in inv gene 
family was high, suggesting functional inv might have been transferred laterally between 
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Y. enterocolitica and Y. pseudotuberculosis. The possibility of lateral transfer of inv 
between the two species is also supported by the same N-terminal present in their inv but 
absent in other Yersinia species, as indicated by BLASTP output. However, unlike genes 
homologous to functional ail which are present in multiple copies in human pathogenic 
Yersinia species, gene homologous to inv is only present in single copy in each of these 
species. Due to the absence of second copy of inv homolog, I could not perform pairwise 
sequence comparison (which is similar to ail homologs) between functional inv genes and 
inv homologs to determine if functional inv of Y. enterocolitica is closer to its own inv 
homolog than to the inv homolog of Y. pseudotuberculosis. Hence, it is still unknown 
which human pathogenic Yersinia species is the donor of inv. 
The next question is what factors have caused the acquisition of the pYV virulence 
plasmid in only human pathogenic Yersinia species but not in the other species? I found 
that the loss of CRISPR-Cas system could be one of the critical factors for the acquisition 
of the pYV virulence plasmid in the human pathogenic Yersinia species. For instance, in 
the phylogroup-E, the human non-pathogenic Y. frederiksenii and Y. kristensenii have 
spacers that can recognize pYE854 plasmid, which is able to mobilize pYV plasmid 
(Hammerl et al., 2008). The immunity to pYV is achieved probably through 
fragmentation of pYE854-pYV cointegrate. I also found that the human pathogenic Y. 
enterocolitica, which also belong to phylogroup-E, had lost the CRISPR-Cas system. This 
might allow Y. enterocolitica to acquire pYV plasmid and transform into a human 
pathogen.  
On the other hand, in the phylogroup-P, my data showed that the spacers in the pathogenic 
Y. pseudotuberculosis-Y. pestis could only recognize the pYV harboured by Y. 
enterocolitica but not their own pYV plasmid. This shows the high specificity of 
CRISPR-Cas system in Yersinia because if the spacers of Y. pseudotuberculosis-Y. pestis 
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can target a common region found in every pYV plasmid, their pYV plasmids will be 
fragmented by their own CRISPR-Cas system (Horvath & Barrangou, 2010; Marraffini, 
2013). I cannot rule out the possibility that independent mutations might have caused 
variations in the pYV sequences harboured by the Y. enterocolitica and Y. 
pseudotuberculosis-Y. pestis, allowing the CRISPR-Cas system in the latter to have good 
precision when targeting foreign DNA materials.  
An interesting question is why some human non-pathogenic Yersinia species such as Y. 
ruckeri has not acquired the pYV plasmid but yet it does not have the CRISPR-Cas system? 
Answers to this question may lie in the properties of pYV, selection that acts on pYV and 
the cost to bear a plasmid (Baltrus, 2013; San Millan et al., 2014). There are two 
prerequisites for the expression of Ysc-Yop T3SS: 37°C and direct contact to the host 
cells (Cornelis et al., 1998). For instance, even if Y. ruckeri, which mainly associates with 
rainbow trout and lives in aquatic environment that does not reach 37°C (Romalde & 
Toranzo, 1993), has accidentally acquired pYV plasmid, the plasmid would not increase 
its fitness or virulence to infect fish. This is because with the lower temperature in the 
aquatic niche of the rainbow trout, the pYV plasmid in Y. ruckeri (if it existed) could not 
be activated or become functional. Thus the pYV plasmid would likely be negatively 
selected for and eventually become lost.  
Besides that, my analyses found that some human non-pathogenic Yersinia species such 
as Y. aldovae, Y. aleksiciae, Y. intermedia and Y. rohdei also do not have pYV plasmid. 
It is known that these species do not have functional adhesins such as inv, ail and psa, 
which commonly associate with pathogenesis, the host cell attachment and the Yop 
delivery (Mikula et al., 2012). For instance, although some of these non-pathogenic 
species have the inv homologs, the homologs are likely non-functional due to the lack of 
proper N-terminal which is required for proper localization of Inv (Leong et al., 1990). 
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Therefore, these Yersinia species, even when they have the pYV plasmid, might not be 
able to cross epithelial cell lining to reach lymph nodes and cause disease like pathogenic 
Y. enterocolitica. Taken all together, I believe that the loss of CRISPR-Cas system is 
crucial to the acquisition of the pYV virulence plasmid by Yersinia species. However, 
due to high cost for bacteria to bear plasmid (Baltrus, 2013), there are also two important 
factors to determine if the pYV is favoured by selection and would be maintained in 
bacterial cells: presence of 37°C in the environment and presence of virulence genes to 
assist in the pathogenesis. 
Although Y. enterocolitica is distantly related to Y. pseudotuberculosis-Y. pestis (about 
81% identical to each other’s chromosomes), I found that their pYV plasmids showed 
high ANI values (> 96%), suggesting that their pYV plasmids might have a single origin. 
Since Y. enterocolitica does not share the same direct ancestor with Y. 
pseudotuberculosis-Y. pestis, it is unlikely that their plasmids originated from the 
common ancestor. As the pYV plasmid is only found in human pathogenic Yersinia 
species (Cornelis, 2002a), it is likely to originate from either Y. enterocolitica or Y. 
pseudotuberculosis-Y. pestis. The question is which, Y. enterocolitica or Y. 
pseudotuberculosis-Y. pestis, was the first to acquire the pYV virulence plasmid and 
became the donor of pYV to the other human pathogenic Yersinia species? 
My analyses suggest that the spacers which could recognize the pYV plasmid might have 
originated from non-Yersinia species and probably existed before the acquisition of the 
pYV plasmid. This is because the top BLAST hits were not the pYV plasmid but plasmids 
from other genus such as Escherichia and Clostridium, suggesting that the donors of these 
pYV-recognizing spacers likely originated from non-Yersinia. Nevertheless, these 
spacers could provide immunity towards the pYV plasmid of Yersinia species due to their 
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sequence similarity (Ravenhall et al., 2015). Thus, several hypothetical scenarios could 
be made to infer which Yersinia species has first acquired the pYV plasmid: 
§ I hypothesize that Y. pseudotuberculosis-Y. pestis might be the first to acquire the 
pYV plasmid and then transfer it to Y. similis. However, due to the presence of 
spacers in Y. similis which could recognize the pYV plasmid, the latter was likely 
to be fragmented. Thus, Y. similis remains non-pathogenic and has no pYV 
plasmid. 
§ Y. pseudotuberculosis-Y. pestis might also successfully transfer their pYV 
plasmid to Y. enterocolitica after the latter has lost the CRISPR-Cas system. As 
time passed, the pYV plasmid harboured by Y. enterocolitica has slight sequence 
variations in certain regions due to mutations. 
§ Y. enterocolitica might attempt to transfer its own pYV plasmid to the other 
Yersinia species. As the spacers in Y. similis are able to recognize conserved 
regions in the pYV plasmid of Y. enterocolitica, its CRISPR-Cas system could 
still fragment the plasmid. While in the Y. pseudotuberculosis-Y. pestis, their 
CRISPR-Cas system have spacers which could recognize the mutated region in 
pYV of Y. enterocolitica, they could also fragment the pYV of Y. enterocolitica. 
Besides, it would be costly to bear redundant copies of pYV plasmid (San Millan 
et al., 2014). 
§ If Y. enterocolitica is the first species to acquire the pYV plasmid and it attempts 
to transfer pYV to Y. pseudotuberculosis-Y. pestis, the plasmid would be likely 
fragmented by the latter due to the presence of the CRISPR-Cas system. Thus, it 
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would be impossible for Y. pseudotuberculosis-Y. pestis to possess pYV in 
present-day. 
7.3 Evolutionary model of human pathogenic Yersinia species 
Taken all of my arguments together, I hypothesize that the evolution of human pathogenic 
Yersinia is a multifactorial process: ecological specialization, gene duplication, loss of 
CRISPR-Cas system and lateral gene transfer have contributed to Yersinia evolution. 
Based on a series of comparative analyses and evolutionary studies, I am able to propose 
a more complete and robust evolutionary history, which is shown in Figure 7.1, to 
elucidate the emergence of human pathogenic Yersinia species compared to previous 
studies (Reuter et al., 2014; Wren, 2003). 
 
Figure 7.1: Key evolutionary events that might have occurred in Yersinia which led 
to the emergence of human pathogenic Y. enterocolitica and Y. pseudotuberculosis-
Y. pestis. 
In chorological order, the possible key evolutionary events which might have taken place 
in the past are: 
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(1) The emergence of LCAHPY, which might have an environmental origin and 
became the last common ancestor shared by the human pathogenic Y. 
enterocolitica and Y. pseudotuberculosis-Y. pestis, through the acquisition of 
genes to survive inside human gastrointestinal tract. 
(2) Diversification of LCAHPY took place through ecological specialization. Each 
subpopulation might have gained different genes and developed strategies to 
metabolize different nutrients available in different niches and body locations.  
(3) Emergence of phylogroup-P and phylogroup-E from LCAHPY with reduced 
recombination and lateral gene transfer. Both phylogroups might have formed 
stable ecotypes in their respective ecological niches. 
(4) Gene duplication took place in Y. pseudotuberculosis-Y. pestis, allowing them to 
acquire the ail genes and transform into pathogens. The Y. pseudotuberculosis-Y. 
pestis might have also gained the pYV virulence plasmid. 
(5) The lateral gene transfer of the ail virulence gene from Y. pseudotuberculosis-Y. 
pestis to Y. enterocolitica. 
(6) Y. enterocolitica lost the CRISPR-Cas system and immunity to the pYV plasmid. 
Y. pseudotuberculosis-Y. pestis might be the donor of the pYV plasmid to Y. 
enterocolitica through lateral gene transfer. 
(7) Positive selection and maintenance of pYV plasmid inside Y. enterocolitica and 
Y. pseudotuberculosis-Y. pestis. 
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7.4 Subspeciation in Yersinia enterocolitica 
Y. enterocolitica can cause human infections (Bottone, 1997), and the roles of the 
virulence genes and the pYV plasmid in conferring pathogenicity have been well-studied 
(Batzilla et al., 2011a; Cornelis, 2002a; Mikula et al., 2012; Pelludat et al., 1998). 
However, the evolution of Y. enterocolitica especially its subspecies is still largely 
unknown. The most up-to-date study regarding the subspecies of Y. enterocolitica is the 
one conducted by Howard and colleagues, in which they proposed that there were three 
subspecies in Y. enterocolitica (Howard et al., 2006). Similar to the Yersinia genus, I 
postulate that the evolution and subspeciation of Y. enterocolitica was likely due to 
various factors. Hence, I have performed more detailed analyses in order to elucidate the 
evolution of this species. My findings suggest that the evolution of Y. enterocolitica was 
accompanied by ecological specialization, pseudogenization and gene gain-and-loss.  
First of all, I have constructed a robust and accurate phylogenetic tree to infer the 
phylogenetic relationships between Y. enterocolitica strains using supermatrix tree, 
instead of 16S rRNA phylogenetic tree mainly because of two reasons: 
§ The non-recombinant super-sequence which I have used to infer the supermatrix 
tree had 1,138,594 nucleotides which was much longer than 16S rRNA which has 
about 1532 nucleotides. This indicates that the non-recombinant super-sequences 
will provide more information and more phyletic signals which can generate a 
more accurate phylogenetic tree (de Queiroz & Gatesy, 2007). 
§ Although the 16S rRNA was previously used to propose two subspecies of Y. 
enterocolitica, which were Y. enterocolitica subsp. palearctica and Y. 
enterocolitica subsp. enterocolitica (Neubauer et al., 2000), many studies have 
shown that the 16S rRNA lacks phylogenetic power to infer relationships between 
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Yersinia and the other bacteria (Dewhirst et al., 2005; Merhej et al., 2008b). 
Therefore, the classification of two subspecies might not be accurate and requires 
reassessment using a more robust phylogenetic tree. 
Using a rooted supermatrix tree, I have successfully inferred the evolutionary 
relationships between Y. enterocolitica strains and the order of speciations. For instance, 
all of the strains used in this study were clearly demarcated into three distinct phylogroups, 
probably representing three subspecies of Y. enterocolitica. Contrary to a previous study 
(Howard et al., 2006), my approach indicates that the high pathogenic phylogroup was 
not the direct descendant of the most recent ancestor of all Y. enterocolitica strains (I have 
designated as Ancestor_Ye in this study). Instead, the non-pathogenic phylogroup was 
the direct descendent of Ancestor_Ye. The possible cause to account for this difference 
is that previous study did not use outgroup to root the phylogenetic tree and thus the order 
of subspeciation could not be inferred correctly. I found that there were two possible 
important subspeciation events that had taken place in the past in Y. enterocolitica species: 
§ In the first subspeciation, the population of Ancestor_Ye had diverged into two 
populations: pathogenic population and nonpathogenic population.  
§ In the second subspeciation, the pathogenic population further evolved into highly 
pathogenic population and low pathogenic population.  
From my analyses described in the first result section (see CHAPTER 4:RESULTS 
(PART 1): THE HUMAN PATHOGENIC YERSINIA SPECIES) where I have studied 
the emergence of human pathogenic Y. enterocolitica and Y. pseudotuberculosis-Y. pestis, 
I found that the ancestral Y. enterocolitica was already equipped with many putative 
metabolism genes, probably to exploit different nutrients in human gastrointestinal tract. 
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Thus, new niches might continue to provide the driving force to further trigger ecological 
specialization or subspeciation. This might explain the acquisition of dsd and fuc loci by 
Ancestor_Nonpathogenic or the aat locus by the Ancestor_LowPathogenic. These newly 
acquired metabolism genes were not acquired by phylogroup-P, where Y. 
pseudotuberculosis-Y. pestis belonged to, as shown in my analyses. This supports the 
view that the ecological specialization which took place during the early divergence of 
LCAHPY might have allowed the phylogroup-E and phylogroup-P species to acquire 
distinct metabolism genes separately, but also decreased their ability to invade each 
other’s niches. 
Although ANI can be used to identify a species, it is not proved to be suitable to identity 
subspecies (Konstantinidis & Tiedje, 2005; Richter & Rossello-Mora, 2009). 
Nevertheless, one could assume that subspeciation is a process which is similar to 
speciation, whereby gene flow will be reduced so that there is less cohesive force between 
subpopulations and each subpopulation becomes more specialized to its own niches 
(Fraser et al., 2007; Lassalle et al., 2015). As time passes, these subpopulations could 
diverge from each other and become subspecies of Y. enterocolitica. One of the 
approaches is to create phylogenetic network to visualize if there is any conflicting signal 
which spans across different subpopulations as recombinations tend to form cohesive 
forces between subpopulations (Huson & Bryant, 2006). The Y. enterocolitica 
phylogenetic network that I constructed in this study has exhibited the expected topology 
whereby most of the reticulations were found within phylogroup, rather than between 
phylogroups. This suggests that recombination tends to take place among Y. 
enterocolitica strains belonging to the same phylogroup and thus there is higher cohesive 
force between them compared to the strains from different phylogroups. Furthermore, the 
estimation of the rate of recombination to mutation has indicated that mutations are 
dominant over the recombination, suggesting the frequency of recombination will be 
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reduced as the genomes between phylogroups become more diverged (Majewski et al., 
2000). I also found that the gene content-based phylogenetic tree showed the existence of 
three phylogroups, which are similar to the topology in the supermatrix tree generated in 
this study. This suggests that the strains belonging to the same phylogroup may harbour 
genes unique to their own, and that lateral gene transfer across phylogroups may not be 
extensive (Snel et al., 1999). Due to distinguishable gene content and less lateral gene 
transfer, strains from different phylogroups likely exhibit different physiological traits, 
which could explain the heterogeneous properties of Y. enterocolitica (Bottone, 1997; 
Thomson et al., 2006). In short, I believe that subspeciation might have taken place in Y. 
enterocolitica, and lower rate of gene flow likely caused the process to be irreversible.  
Up to this point, I have argued that the speciation in Yersinia and subspeciation in Y. 
enterocolitica followed the similar evolutionary styles, whereby subpopulations adapted 
themselves to new niches, resulting in a decreasing gene flow. I have also argued that the 
human pathogenic Y. pseudotuberculosis-Y. pestis might be the donor of pYV virulence 
plasmid and ail virulence gene to Y. enterocolitica. However, several questions arose: 
§ There were four important ancestors, which were Ancestor_Ye, 
Ancestor_Pathogenic, Ancestor_HighPathogenic, Ancestor_LowPathogenic and 
Ancestor_Nonpathogenic. Of these four, which of them was likely to become the 
recipient of the pYV plasmid and ail? 
§ Which of the four ancestors was the progenitor of present-day human pathogenic 
Y. enterocolitica strains? 
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By analyzing the ail homologs in the Y. enterocolitica strains, I found that the functional 
ail might be once present in Y. enterocolitica YE53/30444, but it was pseudogenized due 
to frameshift mutations. In bacterial genome, a disrupted gene is generally not functional 
and it is eliminated from the genome (Ochman & Davalos, 2006). Thus, the most 
parsimonious explanation for not being able to find functional ail in non-pathogenic 
strains is that the non-pathogenic Y. enterocolitica might have been very effective in 
removing pseudogenized gene(s) from its genome. Hence, it is possible that (1) the ail 
gene was gained by Ancestor_Ye and inherited by the Ancestor_Pathogenic and 
Ancestor_Apathogenic, and (2) the ail gene was pseudogenized in the non-pathogenic 
strains before it was removed in a relatively short time. 
From the gene gain-and-loss analysis, my data clearly showed that the Ancestor_Ye has 
lost the CRISPR-Cas system and is likely the first ancestor to acquire pYV plasmid. The 
next question is how did the non-pathogenic phylogroup lose the pYV plasmid? The 
emergence of non-pathogenic Y. enterocolitica ATCC 9610 from the highly pathogenic 
phylogroup might provide some hints. My analyses show that the Y. enterocolitica ATCC 
9610 has evolved from a highly pathogenic phylogroup which have inv, myf, ail, yts1-
T2SS, ysa-T3SS and pYV plasmid (Bottone, 1997; Cornelis, 2002a). Among these 
virulence genes, only the ail and pYV were lost in Y. enterocolitica ATCC 9610. In a 
recent study, the ail gene has been reported to be the only chromosomal locus that is 
involved in the delivery of Yop proteins (encoded by pYV plasmid) in Y. enterocolitica 
(Mikula et al., 2012). This could reflect the importance of the ail and pYV plasmid and 
also a possible reason to explain why they were lost together in ATCC 9610. I suggest 
that a similar scenario could be applied in the non-pathogenic phylogroup, whereby after 
pseudogenization of ail, the pYV plasmid might be gradually lost due to lack of ail protein 
to assist in the Yop delivery. Taken all together, I speculate that Ancestor_Ye is likely a 
pathogen and progenitor of the pathogenic Y. enterocolitica. 
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The impact of ecological specialization on subspeciation of Y. enterocolitica should not 
be neglected, but geographic isolation seems necessary to be evoked in order to explain 
the divergence between the highly pathogenic and low pathogenic phylogroups because 
their classification could be associated with geographical areas (Howard et al., 2006). 
Previous study proposed that the movement of continents in the distant past has caused 
the split between the low pathogenic and highly pathogenic Y. enterocolitica strains 
(Howard et al., 2006). However, the hypothesis was drawn without inferring to the 
properties of Ancestor_Pathogenic, which was the most recent ancestor of highly 
pathogenic and low pathogenic phylogroups. As discussed above, Ancestor_Ye had 
gained various virulence determinants such as ail, inv and pYV plasmid. My gene gain-
and-loss analysis showed that none of these genes were lost in the Ancestor_Pathogenic. 
This suggests that the Ancestor_Pathogenic was a pathogenic species due to the presence 
of important virulence genes, allowing it to either infect hosts, or survive in its natural 
reservoir, just like present-day pathogenic Y. enterocolitica (Schaake et al., 2014; 
Valentin-Weigand et al., 2014). Following my hypothesis, there could be two possible 
factors that caused the geographical isolation between sub-populations of 
Ancestor_Pathogenic and triggered their divergence: 
§ Geographical factor: rifted continents between North America and Eurasia that 
separated these subpopulations. 
§ Vector-mediating factor: Migration of infected hosts or natural reservoir from 
Eurasia to North America or vice versa. 
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7.5 Evolutionary model of subspeciation in Yersinia enterocolitica 
Taken all together, I hypothesize that the subspeciation has occurred in Y. enterocolitica 
and the process is affected by multiple factors such as the ecological specialization, the 
loss of CRISPR-Cas system, the ail pseudogenization and geographical isolation. Based 
on a series of comparative analyses and evolutionary studies, I would like to propose a 
more complete and robust evolutionary history to illustrate the evolution and 
subspeciation of Y. enterocolitica, compared to previous studies (Howard et al., 2006; 
Neubauer et al., 2000; Thomson et al., 2006), which is shown in Figure 7.2. 
 
 
Figure 7.2: Key evolutionary events that likely took place in Y. enterocolitica and 
led to the emergence of non-pathogenic subspecies, low pathogenic subspecies and 
highly pathogenic subspecies. 
Based on this hypothesis, the key evolutionary events might have taken place in the past 
in the following chorological order: 
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(1) Ancestor_Ye has already adapted to human gastrointestinal tract. At this point, it 
gained the ail virulence gene from the Y. pseudotuberculosis-Y. pestis 
(phylogroup-P species) through lateral gene transfer. It also lost CRISPR-Cas 
system and acquired pYV virulence plasmid. 
(2) Subpopulations of Ancestor_Ye continued invading new niches and subspeciated 
into the pathogenic and non-pathogenic subspecies. Gene flow between these two 
subspecies decreased to prevent the population of one sub-species to invade the 
niches of the other sub-species. 
(3) The emergence of Ancestor_Nonpathogenic and non-pathogenic subspecies was 
probably accompanied by pseudogenization of ail and loss of pYV plasmid, which 
then rendered the populations to become harmless to human. 
(4) Some of the strains belonging to pathogenic subspecies might be brought into 
North America, either due to rifted continents or migration of host or reservoir. 
(5) Pathogenic Y. enterocolitica strains which were isolated in North America 
continued to evolve by acquiring new virulence genes and become highly 
pathogenic subspecies. At the same time, another group of pathogenic strains in 
Eurasia evolved independently and became low pathogenic subspecies. 
(6) With each of the subspecies evolved in parallel without invading each other’s 
niches, each of them exhibits different physiological traits. Y. enterocolitica is 
now consisting of heterogeneous collection of strains. 
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7.6 YersiniaBase for Yersinia research community 
With the advent of next generation sequencing technologies, it is important that biological 
data can be stored and retrieved easily for analyses. YersiniaBase aims to provide the first 
platform that stores genomic data and annotation details of Yersinia besides providing 
new in-house designed bioinformatics tools particularly for comparative analyses that can 
accelerate research in Yersinia. I have successfully demonstrated how these tools can be 
used in analyses including the identification of pathogenicity factors and genomic 
differences. 
With the rapid advances in NGS technologies and significant price drop in sequencing, I 
expect more Yersinia strains will be sequenced and published in future. Thus, the data in 
YersiniaBase will be continued updating once these genome sequences and computing 
resources are available in public. I hope that YersiniaBase will provide a comprehensive 
resource and analysis platform for of the Yersinia research community in the future. 
7.7 Biological significance and future direction 
This comparative study has used a series of bioinformatics approaches to study Yersinia 
genomes from various perspectives to elucidate the emergence of human pathogenic 
Yersinia species and also the subspeciation of Y. enterocolitica in detailed, which is not 
reported previously. From the evolutionary perspective, my findings can provide better 
insights to Yersinia research community by elucidating how the evolution of Yersinia is 
affected by different factors and thus, not entirely in parallel. Of all the bioinformatics 
approaches employed, the gene gain-and-loss analysis might be helpful in providing 
useful information for microbiologists, who focus on microbiology and bacterial 
metabolism research. For instance, the adaptation to human gastrointestinal tract would 
be the early step that led to emergence of human pathogenic Yersinia species. Before 
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expressing any virulence traits or infecting host cells, these Yersinia pathogens would 
have to increase their fitness by adapting and metabolizing available nutrients found in 
the environment (Rohmer et al., 2011). This suggests that metabolism is the prerequisite 
for virulence in pathogenic Yersinia. Although there have been studies that describing 
relationships between metabolic capabilities and virulence in other bacteria genus 
(Connolly et al., 2016; Maier et al., 2004; Pontes et al., 2015; Wu et al., 2012), analyses 
on Yersinia pathogens are still favouring over characterization of virulence genes 
(Hammerl et al., 2008; Mikula et al., 2012; Rakin et al., 2012; Schaake et al., 2014; 
Valentin-Weigand et al., 2014). These have resulted in poor understanding on the most 
fundamental aspects of human pathogenic Yersinia, which are the metabolic pathways 
used by them to ensure survival. Thus, the gene gain-and-loss analysis can become a 
reference for future experiments. For example, microbiologists could study the effect of 
losing ripABC (itaconate catabolism genes) on Y. pseudotuberculosis-Y. pestis to see if 
there is any decrease in virulence level as I found that their emergence was accompanied 
with the gain of rip locus, which might be beneficial to their survival and virulence. 
The analyses on virulence gene homologs bring concerns to the non-pathogenic 
subspecies of Y. enterocolitica, which consists of biotype 1A and is generally considered 
to be non-pathogenic due to absence of pYV virulence plasmid (Bottone, 1997). Recently, 
Y. enterocolitica biotype 1A strains have been isolated from a few clinical cases and it is 
debatable whether they are pathogenic to human (Fredriksson-Ahomaa et al., 2012; 
Kanaujia et al., 2015; Singhal et al., 2016; Stephan et al., 2013). In this study, I found the 
inv homologs in the nonpathogenic subspecies. These inv homologs were found to have 
at least 84% identity and 100% query coverage to functional inv, suggesting both of the 
genes might be functionally similar. A previous study has demonstrated that some of the 
biotype 1A strains were able to invade epithelial cells, suggesting the presence of inv 
homolog might be one of the key mechanisms. In addition to that, gene gain-and-loss 
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analysis showed that several new metabolism genes were gained by the non-pathogenic 
subspecies, such as dsd and fuc loci. These metabolism genes have been associated with 
virulence of other human pathogens (Connolly et al., 2015; Stahl et al., 2011). This 
hypothesizes that biotype 1A strains might be able to proliferate inside our 
gastrointestinal tract if our food intake contains metabolic compounds that are readily 
metabolized by them. Thus, biotype 1A strain should not be regarded as totally non-
pathogenic. I suggest that phenotypic studies be conducted to determine the correlation 
between food and the metabolic activities of biotype 1A strains, and their potential 
pathogenicity to human. Until clear correlations are obtained, this supposedly non-
pathogenic strain should be handled with caution. 
Last but not least, I also wish to highlight that further studies should be performed to 
characterize Y. similis, which is generally thought to be non-pathogenic due to the lack of 
pYV virulence plasmid (Sprague & Neubauer, 2014). My gene gain-and-loss analysis 
showed that many metabolism genes related to persistence in macrophages, which were 
present in human pathogenic Y. pseudotuberculosis-Y. pestis, were also found in Y. similis. 
Further analyses also showed that the homologs of most typical Yersinia virulence genes 
such as pil locus, psa locus, ail and inv, were all also present in the Y. similis genome. It 
has been demonstrated that Yersinia species that have no pYV virulence plasmid can still 
be invasive due to the presence of virulence genes in their chromosomes (Fukushima et 
al., 1991; Grant et al., 1998; Lian et al., 1987). Although the human clinical case caused 
by Y. similis has not been reported so far, the presence of virulence-associated metabolism 
genes and homologs of classical Yersinia chromosomal virulence genes may make it 
prudent to study this species and monitor its potential pathogenicity in the future.  
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CHAPTER 8: CONCLUSION 
In this study, I have successfully performed evolutionary studies and comparative 
analyses on human pathogenic Yersinia species and subspecies of Y. enterocolitica strains 
through phylogenetic tree analysis, gene gain-and-loss analysis, recombination analysis, 
analysis of virulence genes homologs and the CRISPR-Cas system analysis. Based on the 
new findings and knowledge obtained from these analyses, I have proposed that the 
emergence of human pathogenic Yersinia and subspecies of Y. enterocolitica are a 
multifactorial process rather than just evolved in parallel as previously thought Their 
evolutions are affected by ecological specialization, gene duplication, lateral gene transfer 
and gene pseudogenization as elucidating in more complete models proposed in this study. 
As from the biological perspective, this study also suggests that the acquisition of new 
metabolism genes is important in ecological specialization for Yersinia. In addition, to 
accelerate the research in Yersinia, I have also developed YersiniaBase, a specialized 
genomic resource and comparative analysis platform for research community. Overall, 
this study has provided better and more comprehensive insights into the evolution of 
human pathogenic Yersinia and subspecies of Y. enterocolitica. 
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Appendix A: List of Yersinia genomes used in this study with their corresponding 
NCBI accession. 
Species Strain NCBI Accession 
Yersinia aldovae 670-83 CP009781.1 
Yersinia aleksiciae 159 CP011975.1 
Yersinia enterocolitica Y11 FR729477.2 
Yersinia enterocolitica 8081 AM286415.1 
Yersinia frederiksenii Y225 CP009364.1 
Yersinia intermedia Y228 CP009801.1 
Yersinia kristensenii Y231 CP009997.1 
Yersinia pestis KIM10 AE009952.1 
Yersinia pestis CO92 AL590842.1 
Yersinia pseudotuberculosis IP31758 CP000720.1 
Yersinia pseudotuberculosis IP32953 BX936398.1 
Yersinia rohdei YRA CP009787.1 
Yersinia ruckeri YRB CP009539.1 
Yersinia ruckeri Big Creek 74 CP011078.1 
Yersinia similis 228 CP007230.1 
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Appendix B: List of Y. enterocolitica strains used in this study with their 
corresponding Genbank accession numbers and assembly status. 
Strain name Genbank accession number Assembly status 
ERL073947 GCA_001319505.1  Contig 
IP2222 GCA_000285015.1  Contig 
NFO GCA_000284995.1  Contig 
ERL08708 GCA_001086525.1  Contig 
YE13/03 GCA_001219625.1  Contig 
IP26014 GCA_001160345.1  Contig 
YE53/30444 GCA_001102905.1  Contig 
SZ662/97 GCA_001319405.1  Contig 
IP26618 GCA_001135745.1  Contig 
YE208/02 GCA_001217745.1  Contig 
ERL053435 GCA_001085265.1  Contig 
H1527/93 GCA_001125285.1  Contig 
YE53/03 GCA_000968115.1  Complete Genome 
YE30/03 GCA_001220485.1  Contig 
YE41/03 GCA_001217685.1  Contig 
YE15/07 GCA_001087205.1  Contig 
ERL053484 GCA_001182085.1  Contig 
YE35/02 GCA_001218005.1  Contig 
YE69/03 GCA_001221145.1  Contig 
YE77/03 GCA_001219385.1  Contig 
IP27818 GCA_001146765.1  Contig 
YE46/02 GCA_001223145.1  Contig 
YE228/02 GCA_001223065.1  Contig 
YE38/03 GCA_001220145.1  Contig 
YE04/02 GCA_001219605.1  Contig 
YE205/02 GCA_001220825.1  Contig 
YE09/03 GCA_001222805.1  Contig 
YE13/02 GCA_001217565.1  Contig 
YE221/02 GCA_001218905.1  Contig 
YE227/02 GCA_001218705.1  Contig 
E701 GCA_001182965.1  Contig 
8081 GCA_000009345.1  Complete Genome 
ST5081 GCA_001182345.1  Contig 
SC9312-78 GCA_001105265.1  Contig 
E736 GCA_001182365.1  Contig 
ATCC 9610 GCA_000755055.1  Scaffold 
WA GCA_000834195.1  Complete Genome 
WA-314 GCA_000297175.1  Contig 
Y286 GCA_001171185.1  Contig 
SZ5108/01 GCA_001103745.1  Contig 
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Appendix B: List of Y. enterocolitica strains used in this study with their 
corresponding Genbank accession numbers and assembly status, continued. 
Strain name Genbank accession number Assembly status 
SZ375/04 GCA_001319465.1  Contig 
SZ506/04 GCA_001168925.1  Contig 
IP05342 GCA_001150565.1  Contig 
IP00178 GCA_001218485.1  Contig 
IP26042 GCA_001354555.1  Contig 
IP06077 GCA_001160045.1  Contig 
YE3094/96 GCA_001050815.1  Scaffold 
YE04/03 GCA_001221865.1  Contig 
YE238/02 GCA_001218525.1  Contig 
IP20322 GCA_001139785.1  Contig 
YE153/02 GCA_001220565.1  Contig 
IP26249 GCA_001354575.1  Contig 
YE149/02 GCA_001050775.1  Scaffold 
YE213/02 GCA_001220045.1  Contig 
Y11 GCA_000253175.1  Complete Genome 
IP26656 GCA_001354615.1  Contig 
PhRBD_Ye1 GCA_000230775.2  Contig 
YE12/03 GCA_001050795.1  Scaffold 
YE07/03 GCA_001222285.1  Contig 
IP 10393 GCA_000330605.1  Contig 
105.5R(r) GCA_000192105.1  Complete Genome 
Y127 GCA_001182145.1  Contig 
YE74/03 GCA_001174945.1  Contig 
YE237/02 GCA_001219245.1  Contig 
YE214/02 GCA_001222105.1  Contig 
YE212/02 GCA_001050735.1  Scaffold 
YE218/02 GCA_001221085.1  Contig 
YE56/03 GCA_001050755.1  Scaffold 
IP21447 GCA_001220085.1  Contig 
YE119/02 GCA_001219745.1  Contig 
1127 GCA_001097785.1  Contig 
2/C/53NMD7 GCA_001136265.1  Contig 
YE11/03 GCA_001219325.1  Contig 
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Appendix C: Summary for genome annotation of Y. enterocolitica strains. 
Strain name Genome size (bp) 
Guanine-cytosine 
(GC) content (%) 
Number of 
protein-coding 
sequence 
ERL073947 4,810,691 46.73 4,404 
IP2222 4,753,960 47.04 4,362 
NFO 4,663,108 48.05 4,332 
ERL08708 4,592,664 46.64 4,143 
YE13/03 4,636,042 46.58 4,161 
IP26014 4,668,720 47.69 4,230 
YE53/30444 4,751,541 47.04 4,323 
SZ662/97 4,847,163 49.30 4,458 
IP26618 4,657,206 45.74 4,187 
YE208/02 4,619,996 47.18 4,172 
ERL053435 4,654,958 46.94 4,222 
H1527/93 4,794,890 47.79 4,399 
YE53/03 4,940,199 47.30 4,532 
YE30/03 4,852,812 46.42 4,467 
YE41/03 4,590,455 45.97 4,139 
YE15/07 4,752,353 46.94 4,352 
ERL053484 4,566,874 46.89 4,128 
YE35/02 4,835,292 48.47 4,394 
YE69/03 4,783,845 46.88 4,425 
YE77/03 4,819,240 46.65 4,418 
IP27818 4,745,839 47.36 4,313 
YE46/02 4,694,826 47.16 4,232 
YE228/02 4,589,234 46.33 4,132 
YE38/03 4,747,575 46.61 4,285 
YE04/02 4,692,280 47.33 4,204 
YE205/02 4,641,423 46.65 4,154 
YE09/03 4,726,564 47.71 4,244 
YE13/02 4,706,166 47.56 4,218 
YE221/02 4,645,195 46.91 4,177 
YE227/02 4,645,601 47.24 4,172 
E701 4,627,943 46.92 4,217 
8081 4,615,899 47.27 4,167 
ST5081 4,657,097 47.61 4,277 
SC9312-78 4,551,793 47.82 4,131 
E736 4,569,390 47.09 4,128 
ATCC 9610 4,538,553 47.28 4,090 
WA 4,615,412 45.44 4,156 
WA-314 4,524,664 47.20 4,071 
Y286 4,468,193 46.59 4,017 
SZ5108/01 4,384,969 47.27 3,912 
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Appendix C: Summary for genome annotation of Y. enterocolitica strains, 
continued. 
Strain name Genome size (bp) 
Guanine-cytosine 
(GC) content (%) 
Number of 
protein-coding 
sequence 
SZ375/04 4,454,500 47.04 3,990 
SZ506/04 4,388,115 46.74 3,914 
IP05342 4,722,666 46.42 4,548 
IP00178 4,609,560 46.71 4,407 
IP26042 4,690,663 46.34 4,449 
IP06077 4,594,630 46.13 4,367 
YE3094/96 4,666,303 46.96 4,422 
YE04/03 4,508,020 46.57 4,068 
YE238/02 4,446,492 46.89 3,988 
IP20322 4,510,028 47.15 4,070 
YE153/02 4,500,703 46.88 4,053 
IP26249 4,563,803 47.95 4,134 
YE149/02 4,596,919 47.04 4,136 
YE213/02 4,385,794 47.33 3,983 
Y11 4,553,420 47.01 4,155 
IP26656 4,490,686 47.29 4,100 
PhRBD_Ye1 4,367,390 46.75 3,995 
YE12/03 4,528,241 47.00 4,076 
YE07/03 4,446,390 43.95 4,043 
IP 10393 4,463,212 47.14 4,049 
105.5R(r) 4,621,811 45.61 4,168 
Y127 4,415,388 46.94 3,956 
YE74/03 4,455,944 46.12 3,980 
YE237/02 4,520,847 46.42 4,060 
YE214/02 4,451,796 46.44 3,978 
YE212/02 4,565,715 46.95 4,068 
YE218/02 4,450,958 46.45 3,970 
YE56/03 4,564,695 46.95 4,067 
IP21447 4,552,140 46.92 4,087 
YE119/02 4,538,763 46.56 4,088 
1127 4,554,392 45.89 4,106 
2/C/53NMD7 4,563,217 46.09 4,113 
YE11/03 4,496,054 45.59 4,035 
    
Max 4,940,199 49.30 4,548 
Min 4,367,390 43.95 3,912 
Median 4,594,630 46.94 4,154 
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Appendix D: BLASTN outputs show the list of Yersinia spacers which have sequence similarity to pYV virulence plasmid and pYE854 
conjugative plasmid (highlighted in red).  
Genome Spacer locus tag Bitscore Sequence Identity (%) E-value Possible donors 
Y. frederiksenii Y225 CP009364.1_1_1745584 32.2 100 1.1 Prevotella sp. oral taxon 299 str. F0039 plasmid 
Y. frederiksenii Y225 CP009364.1_1_1745584 32.2 95 1.1 Yersinia enterocolitica plasmid pYE854 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Stanieria cyanosphaera PCC 7437 plasmid pSTA7437.02 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Pseudanabaena sp. PCC 7367 plasmid pPSE7367.01 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 94.74 4.2 Lactococcus lactis subsp. cremoris A76 plasmid pQA554 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Sinorhizobium fredii HH103 plasmid pSfHH103e 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Glaciecola sp. 4H-3-7+YE-5 plasmid pGLAAG01 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Burkholderia gladioli BSR3 plasmid bgla_4p 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Halalkalicoccus jeotgali B3 plasmid 1 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Sinorhizobium fredii NGR234 plasmid pNGR234b 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Borrelia sp. SV1 plasmid SV1_lp32-12 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Agrobacterium radiobacter K84 plasmid pAtK84b 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Thermomicrobium roseum DSM 5159 plasmid 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Pelobacter propionicus DSM 2379 plasmid pPRO1 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Polaromonas sp. JS666 plasmid 2 
Y. frederiksenii Y225 CP009364.1_1_1745584 30.2 100 4.2 Streptomyces rochei plasmid pSLA2-L DNA 
Y. frederiksenii Y225 CP009364.1_2_1756249 56 96.88 8.00E-08 Yersinia enterocolitica plasmid pYE854 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 100 4.5 Klebsiella pneumoniae HS062105 plasmid pHS062105-3 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 100 4.5 Prevotella sp. oral taxon 299 str. F0039 plasmid 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 100 4.5 Klebsiella pneumoniae JM45 plasmid p1 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 100 4.5 Salmonella bongori N268-08 plasmid RM1 
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Appendix D: BLASTN outputs show the list of Yersinia spacers which have sequence similarity to pYV virulence plasmid and pYE854 
conjugative plasmid (highlighted in red), continued.  
Genome Spacer locus tag Bitscore Sequence Identity (%) E-value Possible donors 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 100 4.5 Salmonella enterica subsp. enterica serovar Bareilly str. CFSAN000189 plasmid unnamed 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 94.74 4.5 Stanieria cyanosphaera PCC 7437 plasmid pSTA7437.02 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 100 4.5 Ruminococcus albus 7 plasmid pRUMAL01 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 100 4.5 Sinorhizobium fredii NGR234 plasmid pNGR234b 
Y. frederiksenii Y225 CP009364.1_2_1756249 30.2 100 4.5 Acaryochloris marina MBIC11017 plasmid pREB1 
Y. kristensenii Y231 CP009997.1_1_26717 56 96.88 8.00E-08 Yersinia enterocolitica plasmid pYE854 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 100 4.5 Klebsiella pneumoniae strain HS062105 plasmid pHS062105-3 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 100 4.5 Prevotella sp. oral taxon 299 str. F0039 plasmid 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 100 4.5 Klebsiella pneumoniae JM45 plasmid p1 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 100 4.5 Salmonella bongori N268-08 plasmid RM1 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 100 4.5 Salmonella enterica subsp. enterica serovar Bareilly str. CFSAN000189 plasmid unnamed 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 94.74 4.5 Stanieria cyanosphaera PCC 7437 plasmid pSTA7437.02 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 100 4.5 Ruminococcus albus 7 plasmid pRUMAL01 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 100 4.5 Sinorhizobium fredii NGR234 plasmid pNGR234b 
Y. kristensenii Y231 CP009997.1_1_26717 30.2 100 4.5 Acaryochloris marina MBIC11017 plasmid pREB1 
Y. kristensenii Y231 CP009997.1_2_37383 32.2 100 1.1 Prevotella sp. oral taxon 299 str. F0039 plasmid 
Y. kristensenii Y231 CP009997.1_2_37383 32.2 95 1.1 Yersinia enterocolitica plasmid pYE854 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Raoultella planticola strain KpNDM1 plasmid pKpNDM1 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Klebsiella pneumoniae strain BK31551 plasmid pBK31551 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Stanieria cyanosphaera PCC 7437 plasmid pSTA7437.02 
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Appendix D: BLASTN outputs show the list of Yersinia spacers which have sequence similarity to pYV virulence plasmid and pYE854 
conjugative plasmid (highlighted in red), continued.  
Genome Spacer locus tag Bitscore Sequence Identity (%) E-value Possible donors 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Serratia marcescens plasmid R830b 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 94.74 4.5 Lactococcus lactis subsp. cremoris A76 plasmid pQA554 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Sinorhizobium fredii HH103 plasmid pSfHH103e  
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Glaciecola sp. 4H-3-7+YE-5 plasmid pGLAAG01 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Burkholderia gladioli BSR3 plasmid bgla_4p 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Halalkalicoccus jeotgali B3 plasmid 1 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Sinorhizobium fredii NGR234 plasmid pNGR234b 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Borrelia sp. SV1 plasmid SV1_lp32-12 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Agrobacterium radiobacter K84 plasmid pAtK84b 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Thermomicrobium roseum DSM 5159 plasmid 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Synechococcus sp. PCC 7002 plasmid pAQ6 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Pelobacter propionicus DSM 2379 plasmid pPRO1 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Polaromonas sp. JS666 plasmid 2 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Streptomyces rochei plasmid pSLA2-L DNA 
Y. kristensenii Y231 CP009997.1_2_37383 30.2 100 4.5 Proteus vulgaris plasmid Rts1 DNA 
Y. pestis CO92 AL590842.1_1_1773715 32.2 95 1.1 Crinalium epipsammum PCC 9333 plasmid pCRI9333.07 
Y. pestis CO92 AL590842.1_1_1773715 32.2 95 1.1 Escherichia coli plasmid pEC14_35 
Y. pestis CO92 AL590842.1_1_1773715 32.2 100 1.1 Vibrio fischeri MJ11 plasmid pMJ100 
Y. pestis CO92 AL590842.1_1_1773715 32.2 100 1.1 Porphyra pulchra plasmid Pp6859 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Acinetobacter pittii strain MS32 plasmid pMS32-1 
Y. pestis CO92 AL590842.1_1_1773715 30.2 94.74 4.5 Uncultured bacterium plasmid pDS1 
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Appendix D: BLASTN outputs show the list of Yersinia spacers which have sequence similarity to pYV virulence plasmid and pYE854 
conjugative plasmid (highlighted in red), continued.  
Genome Spacer locus tag Bitscore Sequence Identity (%) E-value Possible donors 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Salmonella enterica subsp. enterica serovar Typhimurium var. 5- str. CFSAN001921 plasmid unnamed 
Y. pestis CO92 AL590842.1_1_1773715 30.2 91.3 4.5 Oscillatoria 156cuminate PCC 6304 plasmid pOSCIL6304.02 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Rickettsia felis plasmid pRF 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Yersinia enterocolitica Y11 plasmid pYVO3  
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia burgdorferi N40 plasmid N40_lp17 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia afzelii Pko plasmid lp54 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia afzelii Pko plasmid lp32-10 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Pseudovibrio sp. FO-BEG1 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Zymomonas mobilis subsp. mobilis ZM4 plasmid pZZM401 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Eubacterium eligens ATCC 27750 plasmid 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia burgdorferi Bol26 plasmid Bol26_lp36 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia valaisiana VS116 plasmid VS116_lp36 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia burgdorferi 64b plasmid 64b_lp36 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia afzelii ACA-1 plasmid lp54 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia burgdorferi ZS7 plasmid ZS7_lp36 
Y. pestis CO92 AL590842.1_1_1773715 30.2 94.74 4.5 Borrelia duttonii Ly plasmid pl26 
Y. pestis CO92 AL590842.1_1_1773715 30.2 94.74 4.5 Borrelia recurrentis A1 plasmid pl35 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Acinetobacter baumannii str. AYE plasmid p3ABAYE 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Clostridium kluyveri DSM 555 plasmid pCKL555A 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Yersinia enterocolitica 8081 plasmid pYVe8081 
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Appendix D: BLASTN outputs show the list of Yersinia spacers which have sequence similarity to pYV virulence plasmid and pYE854 
conjugative plasmid (highlighted in red), continued.  
Genome Spacer locus tag Bitscore Sequence Identity (%) E-value Possible donors 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia afzelii PKo plasmid lp32 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia afzelii Pko plasmid lp60 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Rickettsia felis URRWXCal2 plasmid pRF 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Yersinia enterocolitica 8081 plasmid pYVe8081 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Yersinia enterocolitica W22703 plasmid pYVe227 
Y. pestis CO92 AL590842.1_1_1773715 30.2 100 4.5 Borrelia burgdorferi B31 plasmid lp36 
Y. pestis KIM10+ AE009952.1_3_2875781 32.2 95 1.1 Crinalium epipsammum PCC 9333 plasmid pCRI9333.07 
Y. pestis KIM10+ AE009952.1_3_2875781 32.2 95 1.1 Escherichia coli plasmid pEC14_35 
Y. pestis KIM10+ AE009952.1_3_2875781 32.2 100 1.1 Vibrio fischeri MJ11 plasmid pMJ100 
Y. pestis KIM10+ AE009952.1_3_2875781 32.2 100 1.1 Porphyra pulchra plasmid Pp6859 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Acinetobacter pittii strain MS32 plasmid pMS32-1 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 94.74 4.5 Uncultured bacterium plasmid pDS1 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Salmonella enterica subsp. enterica serovar Typhimurium var. 5- str. CFSAN001921 plasmid unnamed 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 91.3 4.5 Oscillatoria 157cuminate PCC 6304 plasmid pOSCIL6304.02 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Rickettsia felis plasmid pRF 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Yersinia enterocolitica Y11 plasmid pYVO3 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia burgdorferi N40 plasmid N40_lp17 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia afzelii Pko plasmid lp54 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia afzelii Pko plasmid lp32-10 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Pseudovibrio sp. FO-BEG1 
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Appendix D: BLASTN outputs show the list of Yersinia spacers which have sequence similarity to pYV virulence plasmid and pYE854 
conjugative plasmid (highlighted in red), continued.  
Genome Spacer locus tag Bitscore Sequence Identity (%) E-value Possible donors 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Zymomonas mobilis subsp. mobilis ZM4 plasmid pZZM401 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Eubacterium eligens ATCC 27750 plasmid 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia burgdorferi Bol26 plasmid Bol26_lp36 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia valaisiana VS116 plasmid VS116_lp36 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia burgdorferi 64b plasmid 64b_lp36 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia afzelii ACA-1 plasmid lp54 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia burgdorferi ZS7 plasmid ZS7_lp36 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 94.74 4.5 Borrelia duttonii Ly plasmid pl26 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 94.74 4.5 Borrelia recurrentis A1 plasmid pl35 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Acinetobacter baumannii str. AYE plasmid p3ABAYE 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Clostridium kluyveri DSM 555 plasmid pCKL555A 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Yersinia enterocolitica 8081 plasmid pYVe8081 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia afzelii PKo plasmid lp32 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia afzelii PKo plasmid lp60 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Rickettsia felis URRWXCal2 plasmid pRF 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Yersinia enterocolitica 8081 plasmid pYVe8081 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Yersinia enterocolitica W22703 plasmid pYVe227 
Y. pestis KIM10+ AE009952.1_3_2875781 30.2 100 4.5 Borrelia burgdorferi B31 plasmid lp36 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 44.1 96.15 3.00E-04 Escherichia coli E24377A plasmid pETEC_35 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 34.2 89.66 0.31 
Escherichia coli plasmid pCss165Kan DNA, complete 
genome, strain: 4266 delta cssB::Km 
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Appendix D: BLASTN outputs show the list of Yersinia spacers which have sequence similarity to pYV virulence plasmid and pYE854 
conjugative plasmid (highlighted in red), continued.  
Genome Spacer locus tag Bitscore Sequence Identity (%) E-value Possible donors 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 34.2 92 0.31 Rahnella aquatilis HX2 plasmid PRA1 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 34.2 92 0.31 Rahnella sp. Y9602 plasmid pRAHAQ01 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 32.2 95 1.2 Enterobacter asburiae LF7a plasmid pENTAS01 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 94.74 4.8 Ralstonia solanacearum FQY_4 megaplasmid 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 91.3 4.8 Yersinia enterocolitica (type O:8) plasmid pYV-WA314 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 94.74 4.8 Ralstonia solanacearum CMR15 plasmid CMR15_mp 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 100 4.8 Thermus 159hermophiles JL-18 plasmid pTTJL1801 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 91.3 4.8 Yersinia enterocolitica Y11 plasmid pYVO3  
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 100 4.8 Azospirillum lipoferum 4B plasmid AZO_p3 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 100 4.8 Sinorhizobium fredii GR64 plasmid p64a 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 100 4.8 Rhodobacter sphaeroides ATCC 17025 plasmid pRSPA03 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 100 4.8 Corynebacterium glutamicum R plasmid pCGR1 DNA 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 100 4.8 Thermus 159hermophiles HB8 plasmid pTT27 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 91.3 4.8 Yersinia enterocolitica plasmid pYVa127/90 
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Appendix D: BLASTN outputs show the list of Yersinia spacers which have sequence similarity to pYV virulence plasmid and pYE854 
conjugative plasmid (highlighted in red), continued.  
Genome Spacer locus tag Bitscore Sequence Identity (%) E-value Possible donors 
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 94.74 4.8 Ralstonia solanacearum GMI1000 megaplasmid  
Y. pseudotuberculosis 
IP32953 BX936398.1_2_2964849 30.2 91.3 4.8 Yersinia enterocolitica W22703 plasmid pYVe227 
Y. similis 228 CP007230.1_2_4570273 32.2 100 1.1 Clostridium botulinum D str. 1873 plasmid pCLG1 
Y. similis 228 CP007230.1_2_4570273 32.2 100 1.1 Clostridium botulinum plasmid pC2C203U28 DNA, serotype: type C, strain: (C)-203U28 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Yersinia enterocolitica (type O:8) plasmid pYV-WA314 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Bacillus cereus FRI-35 plasmid p01 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Yersinia enterocolitica Y11 plasmid pYVO3  
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Ralstonia solanacearum PSI07 megaplasmid mpPSI07 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Pantoea vagans C9-1 plasmid pPag3 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Yersinia enterocolitica 8081 plasmid pYVe8081 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Rhodococcus jostii RHA1 plasmid pRHL1 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Yersinia pseudotuberculosis IP32953 pYV plasmid 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Yersinia pestis strain KIM5 plasmid pCD1 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Yersinia enterocolitica plasmid pYVa127/90 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Yersinia pestis CO92 plasmid pCD1 
Y. similis 228 CP007230.1_2_4570273 30.2 100 4.5 Yersinia enterocolitica W22703 plasmid pYVe227 
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